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ABSTRACT

OPTIMIZATION OF REGENERATION AND AGROBACTERIUM MEDIATED
TRANSFORMATION OF WHEAT (Triticum aestivum L. cv. Yiiregir 89)

Demirbas, Didem

M. Sc. Department of Biotechnology
Supervisor: Prof. Dr. Meral Yiicel

Co-supervisor: Prof. Dr. Hiiseyin Avni Oktem

September 2004, 138 pages

The objective of this study was to optimize regeneration parameters of immature
inflorescence culture of Triticum aestivum cv. Yiiregir-89. The effects of dark
incubation period and explant region on regeneration success were tested.
Immature inflorescences were cut into 3 pieces as tip, mid, base and put onto 2mg
/L 2,4-dichlorophenoxyacetic acid containing callus induction medium. These
explants were taken to regeneration after 6, 9, 13 weeks of dark incubation period.
The regeneration capacities of calli were determined as rooting and shooting
percentages. Shooting percentages were found to be 72.0 % for 6 weeks of dark
incubation and 64.1 % for 9 weeks of dark incubation while it decreases to 26.1 %
in 13 weeks of dark incubation period. This showed that prolonged dark incubation
period decreased regeneration capacity of the callus. There was no significant

difference in regeneration capacities of tip, mid and base regions of immature
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inflorescences, which reveals the potential of every region of inflorescence to be

used as explant source in further transformation studies.

Besides regeneration studies, optimization of transformation parameters for
Turkish wheat cultivar Yiiregir by using Agrobacterium tumefaciens AGLI
containing binary vector pALI56 was performed. Transformation efficiencies were
determined by monitoring the transient expression of UidA gene via histochemical
GUS assay. Three to four weeks old calli were found to be more responsive to
Agrobacterium-mediated transformation. Different media were tested for
utilization during co-cultivation period. It was found that including phenolic
compound acetosyringone along with ascorbic acid as an antioxidant was essential

for succesful transformation.

Keywords: Wheat immature inflorescence; Regeneration; Agrobacterium

tumefaciens; GUS; Transient gene expression



Oz

BUGDAYDA (Triticum aestivum L. cv. Yiiregir 89) REJENERASYONUN VE
AGROBAKTERIUMA DAYALI TRANSFORMASYONUN OPTIMIZASYONU

Demirbas, Didem

Yiiksek Lisans, Biyoteknoloji Boliimii
Tez yoneticisi: Prof. Dr. Meral Yiicel

Ortak tez yoneticisi: Prof. Dr. Hiiseyin Avni Oktem

Eyliil 2004, 138 sayfa

Bu c¢alismada Yiregir ekmeklik bugday c¢esidinde (Triticum aestivum)
olgunlagsmamis basak taslagima dayali kiiltiirlerin rejenerasyon parametrelerinin
optimize edilmesi amaclanmistir. Karanlikta inkiibasyon siiresinin ve eksplant
bolgesinin rejenerasyon basarisina etkisi test edilmistir. Olgunlagsmamis basak
taslaklari, ug, orta ve dip olmak iizere tlige kesilmis ve 2mg /L diklorofenoksiasetik
asit iceren kallus olusum besiyerine konulmustur. Eksplantlar 6, 9, ve 13 hafta
karanlik inkiibasyon siirelerinden sonra rejenerasyon ortamina alinmistir. Kallus
rejenerasyon kapasitesi, koklenme ve c¢imlenme yiizdeleri olarak belirlenmistir.
Cimlenme yiizdeleri 6 hafta karanlik inkiibasyonunda % 72.0 ve 9 hafta karanlik
inkiibasyonunda %64.1 olarak bulunmus; buna karsin 13 hafta karanlik
inkiibasyon siliresinde % 26.1’e diismiistiir. Bu, wuzun siiren karanhk
inkiibasyonunun kallus rejenerasyon kapasitesini azalttigin1 gdstermektedir. Bagak

taslaginin ug, orta ve dip bolgelerinin rejenerasyon kapasiteleri arasinda anlamli
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bir fark goézlenmemistir, ki bu da basak taslaginin her bolgesinin daha sonra
yapilacak gen aktarimi ¢aligmalarinda eksplant kaynagi olarak kullanilabilecegini

gostermektedir.

Rejenerasyon calismalarinin yanisira, Yiregir ekmeklik bugday cesidine pALIS6
ikili vektoriinii igeren Agrobacterium tumefaciens AGLI susu ile gen aktarimi
parametreleri optimize edilmistir. Transformasyon etkinligi UidA geninin gegici
ifadesi takip edilerek histokimyasal GUS tayini ile belirlenmistir. Ug-dort haftalik
kalluslarin Agrobakteriuma dayali transformasyona iyi cevap verdigi bulunmustur.
Bakteri ve bitkinin birlikte inkiibasyonu esnasinda ¢esitli besiyerleri test edilmistir.
Fenolik bilesik asetosiringonun ve antioksidant olarak askorbik asitin birlikte
inkiibasyon esnasinda kullanilmasinin basarili transformasyon i¢in gerekli oldugu

saptanmuigtir.

Anahtar kelimeler: Bugday, Basak taslagi, Rejenerasyon, Agrobacterium

tumefaciens, GUS, Gegici gen ifadesi.

vii



To millions of people suffering from hunger

viii



ACKNOWLEDGMENTS

I would like to express my deepest gratitude to my supervisor Prof. Dr. Meral
Yiicel and co-supervisor Prof. Dr. Hiiseyin Avni Oktem for their guidance, advice,
criticism, encouragements and insight throughout the research. They always have
been model for me. Their support not only influenced my life but also helped me

to shape my future goals.

I would like to thank to the members of my thesis examining committee Prof. Dr.
Haluk Hamamci, Prof. Dr. Musa Dogan, Prof. Dr. Sebnem Ellialtioglu and
especially to Assoc. Prof. Dr. Sertag Onde for their suggestions and constructive

criticism.

I cannot pass without mentioning the influence of Ms. Meltem Mavituna who
made me love biology and made me feel the pleasure of laboratory work. I would
also like to thank to Dr. Feyza Sel¢uk who had taught me a lot since I have first

become a member of Lab 10 and being always near with her friendship.

When 1 first started to study tissue culture, Dr. Fahriye Ertugrul and Ipek Durusu
were very helpful to me. Without their support, I could not become familiarized to

the subject matter so easily. I am really thankful to both of them.

In Lab 10, I always felt myself as I am home. I wish to thank all of the Lab 10
members who created the friendly atmosphere. Very special thanks to Irem
Karamollaoglu for her great understanding, friendship and making me feel special,
Tufan Oz for being so nice, helpful and friendly all the time, Ebru Bandeoglu,
Ebru Karabal and Simin Tans1 for their wonderful songs which I always enjoyed

listening and for their support, Beray Gengsoy for always being helpful and

X



thoughtful, Ufuk Celikkol for her guidance and easy going nature, Betiil Degani
for her ability to make me laugh and for her support, Isin Nur Cicerali for
involving in Lab 10 family and her friendship, Taner Tuncer for being my second-
brother, Serpil Apaydin for her support, Tahir Bayrag for sharing the same fate and
his support, Hamdi Kamg¢i for his endless innovations and inventions, Giilsiim
Kalemtas, Musa Kavas, Cengiz Baloglu for their adaptation to our group and their
kindness, Ozgiir Cakic1 for making my life easier and for his continous support. I
would also like to thank to Dr. Fiisun Eyidogan for her support and suggestions in

our scientific work.

I would also like to thank to my friends Burcu Dartan, Tugce Giileryiiz, Gozde
Vrana, Senem Tug, Isin Nur Cicerali and Funda Giingor. Although we are not

together spacially, I always felt their support, love and friendship.

I am also thankful to my friends from high school Filiz Cingi, Mehmet Onder, Ali
Yildirim, Volkan Ustiin, Mete Bulutay, Bilgen Oktay, Ceylan Aydim and to Beliz
Ozorhon for their understanding and friendship. I also wish to thank to my friends
from food engineering department; Peruze, Pimnar, Derya, and Zeynep for their

friendship.

Finally, I am thankful to my family. I always felt their motivation at every stage
of my life. I would like to send all my love and appreciation to my mother Melahat
Demirbas and to my father Mustafa Demirbas for their endless love, thrust, and
support; also to my brother Onur Demirbas without whom there would be a great

emptiness in my life.

This work is supported by the research fund: BAP-2004-07-02-00-26.



TABLE OF CONTENTS

PLAGIARISM....ciiiiiiiieeeeee ettt il

ABSTRACT ...ttt et nte s e saeenae s v

OZ ettt vi

DEDICATION.....cottiieititteteee sttt sttt s viii

ACKNOWLEDGEMENTS......oiiiitiieeeeee et ix

TABLE OF CONTENTS. ...ttt Xi

LIST OF TABLES. ...ttt XV

LIST OF FIGURES. ...ttt Xvii

LIST OF ABBREVIATIONS.......ooiiitiiiiiienieeerteeee et Xviii
CHAPTERS

LINTRODUCTION.......cottiiiiieiieieeieeitee ettt 1

1.1.  Characteristics of Wheat..........ccceviieniiiiiiniiiiieeccee e 1

LI 1. WHREAL e 1

1.1.2. Origin, Evolution and Classification of wheat................... 3

1.1.3. Genetic and cytogenetic characteristics of wheat.............. 6

1.1.4. Nutritional value of wheat...........cccccoeviiniiiiiiiniiis e 6

1.1.5. Types of wheat and their USes...........ccceecveevieerieeciienienine 8

1.1.6. Wheat production............ccceeeeveerieenieerieenieenieesieereesve e 10

1.2.  Improvement of Wheat..........ccceeviieeiiieeiieeie e, 11

1.2.1. Wheat cultivation...........cccecueerieniiinieiiieie e 12

1.2.2. Wheat biotechnology...........ccceeevieiiieniiniiiiiieiiecieeeee 14

1.3.  Tissue culture studies in Wheat.........cccoeceevievenieneniienieieeene 15

1.3.1. Factors affecting in vitro culture of wheat......................... 18

1.3.2. Induction and maintenance of embryogenic callus............ 19

1.3.3. Genetic variability in culture and in regenerated plants..... 20

1.3.4. Studies on wheat regeneration Systems.............cceeeeveennenne. 20

X1



1.4.

1.5.

Transformation of Wheat.........cc.ccocoviiniiiiniiniiniiiiccee
1.4.1. Transformation of wheat protoplasts............cccceevveerrrennn.
1.4.2. Electroporation of wheat protoplasts and organized
EISSUCS .ttt euteeiee et eette et e stt e et e esate et e e sae e e bt e sateenbeesabeenbeesnneeseeenteans
1.4.3. Transformation of wheat by  microprojectile
bOMbBArdMENt......cc.eeiiiiiiiiiieeee e
1.4.4. Agrobacterium-mediated transformation of wheat............
1.4.5. Agronomically important genes transferred to wheat........

AIm 0f the STUAY.....eeoviiiiieiieie e

ILMATERIALS AND METHODS........ooiiiiiiiieeeeeeieeens

2.1.

MaALETIAlS. ..o
2.1.1 Plant material..........cccveeeiiieiiiieciie e
2.1.2. ChemicCals.......ccceeeeiiieiieeeiieeeee et
2.1.3. Plant Tissue Culture Media..........ccceveererienienenienieniennene
2.1.4. Bacterial Strains and Plasmids...........ccoceeveriienienieninienenns

2.1.5. Bacterial Culture Media.........oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees

2.2 MEROAS. .o e e e e e e e e e e e e e

2.2.1 Tissue Culture Studies in Wheat..........ccccoceviiiinieneenennene.
2.2.1.1 Preparation of the plant material.............c.ccoeeeeenne
2.2.1.2. Isolation of immature inflorescence..............cccueeneee.
2.2.1.3. Induction and maintenance of callus cultures...........
2.2.1.4. Determination of callus growth rate..............c..........

2.2.1.5. Determination of the effect of dark incubation

2.2.1.6. Regeneration of wheat «calli via somatic
EIMNDIYOZENESIS. ¢ evieuiieeiiieiieeieeriieeteeeiee et eseeeebeesaeebeeseseeneeas
2.2.1.7. Growth of plants to maturity..........ccccceveeevrerureereennen.
2.2.1.8. Transfer of plantlets to SOil.........ccceevvvieeciieecieeeeen.
2.2.1.9. Acclimization of plantlets to greenhouse

CONAILIONS. c..cevteiieriieteeiie ettt

2.2.1.10. Obtaining SEedS........ceeervreerreeerreeeireeeiieeeieeenneens

Xii

29
29

30

31
33
37
43
45
45
45
45
45
46
48
48
48
48
49
50
50

50

51

51

51

53
53



2.2.2 Transformation Studies in Wheat.........ccoeeeeeeeeeeeeeeeeeeeeeennn. 53

2.2.2.1. Preparation of immature inflorescence based callus

CUlTUIES e 53
2.2.2.2. Growth of Agrobacterium tumefaciens AGL I....... 54
2.2.2.3. Agrobacterium-mediated transformation of wheat

INFLOTESCRICE. ...ttt 54
2.2.2.3.1. Induction of Agrobacterium vir genes................... 54
2.2.2.3.2. Inoculation and co-cultivation of wheat calli with

AQroDACTEITUM......ocvviiiiieie et 55

2.2.2.4. Vacuum infiltration of wheat calli with

Agrobacterium SuSpension...........c.eccueeveevveeieeeesueeieseeereennens 55

2.2.2.5 Elimination of Agrobacterium..............cccccoeevveieennn. 55

2.2.2.6. Histochemical GUS assay.......cc.cccceeverveeneenieneennene 56

2.3. Statistical analySes.......ccccvieviieriieriieiieeeeeie et 57
RESULTS AND DISCUSSION......coitiiiriieienienieeeeeeeeeeeeee s 58
3.1. Regeneration StUAIES........cccveeriiieiiieeiieeeiieeeieeeeieeeeree e e 58
3.1.1. Callus induction studies..........cccceevueerieeriieniienieeiiesie e 58

3.1.2. Effect of explant region and dark incubation period on
TEZENETAtION CAPACILY .eeuvrreeurieeriiieeniiieeriieeerereeeereeenreeerreesseeennneens 60

3.1.3. Effect of prolonged incubation on regeneration medium.... 74

3.1.4. Shoot Growth CharacteristiCs...........ccevvveervireeiiieenieeesreeens 77
3.1.5. Spike and Seed CharacteristiCs..........ccuevurerueerueeneenireieens 84
3.1.6. Correlation between regeneration parameters...................... 91
3.2. Agrobacterium Mediated Transformation Studies........................ 96

3.2.1. Effect of co-cultivation medium on transformation

CETICIENCY .. ittt 96
3.2.2. Effect of callus age on transient GUS expression................ 99
3.2.3. Effect of bacterial incubation period...........cccccveverveeeneenne. 101
3.2.4. Effect of preconditioning............coceeveevverienernieneeneeneennenn 103
3.2.5. Effect of vacuum infiltration...........ccccoeceeveeneniineencnnennn. 104
3.2.6. Determination of selection scheme.............ccccoevervencenennee. 108

xiii



CONCLUSION......coiiiiiiiiicitnctee ettt 111

REFERENCES..........oooomiiiiiiieeeeeeeseee e, 114
APPENDICES.........ooiviiiieeeeeeeeeeeeeeeseee s 132
A. INFORMATION ON YUREGIR-89.......c..cccovvvrirriiirennnnn, 132
B. COMPOSITION OF PLANT TISSUE CULTURE MEDIA.... 133
C. PLASMID MAPS.........omiiieieeeieeeeeseeeeeeeeeeeses s, 134
D.TRANSFER AGREEMENT .........cooooiviiiiiiieseseseesesesesnnne 135
E.BACTERIAL CULTURE MEDIA.........cccccoviiriirreerenennns 137
F.HISTOCHEMICAL GUS ASSAY SOLUTIONS..................... 138

X1v



LIST OF TABLES

Table 1.1. Names of wild, primitive cultivated and modern cultivated wheats 4
Table 1.2. Types and utilizations of wheat...........c.cceecvveeriiiieniiieeeeee e, 9
Table 1.3. Top wheat producing nations (1996-2002), in terms of million

BOTIS. .ttt ettt ettt e b e et h e et b e st eee 11
Table 1.4. Agronomically important genes transferred to wheat. 38
Table 2.1. The compositions and usages of plant tissue culture media............. 47

Table 3.1. Effect of dark incubation period and explant region on
[EZENETAtION PATAIMECLETS. ...c..vieeieeiiietieeiteetieeteenteesteeteesnbeeseesabeeseesaeeeseesaeeenne 66

Table 3.2. Effect on dark incubation period and explant region on 75

regeneration parameters at the end of 8 Weeks........cccevvviieiienienciiinieciee,
Table 3.3. The increase in regeneration potential at the end of 8 weeks........... 76
Table 3.4. Number of plants transferred to SOil.........cccceoviiiiiiiiiiniiniiieee 79

Table 3.5. The comparison of treatments in terms of number of tillers and

average length of longest 1eaf...........cc.oooieviiiiiiiiiici e 82
Table 3.6. Total number of spikes and seeds..........ccceevviieeriiiercieencieeeie e, 85
Table 3.7. Average number of seed per Spike.........cccceeviiriiiiiiiiiieniieiieee, 87
Table 3.8. Average seed Weight........c.ocovireiiiiiiiiieieeeceeeee e 89

Table 3.9. Correlation coefficients of regeneration parameters of tip explant
EXPIANES. ..o 92
Table 3.10. Correlation coefficients of regeneration parameters of mid
53401 1411 P 93

Table 3.11. Correlation coefficients of regeneration parameters of base

04 0] F: 1 01U 94
Table 3.12. Correlation of different parameters with pooled data..................... 95
Table 3.13. GUS Frequency with respect to callus age.........ccceeevevieeieennennnen. 100
Table 3.14. Effect of bacterial incubation duration............cccceeceeveererieneennenne. 102

XV



Table 3.15. Effect of preconditioning..............ccceeeeveerieeciienieeieenie e

Table 3.16. GUS expression data for no vacuum infiltration..............c.ccccce.e.

XVi



LIST OF FIGURES

Figure 1.1. Structure of @ wheat kernel ............ccooceiiiiiniiniiiiieeecee 3
Figure 2.1. Immature inflorescence and itS regions. .........ccceeeeveeeecveeeriieeenveeenneenns 49
Figure 2.2. Schematic representation of experimental design for the determination
of effect of dark incubation period on regeneration SUCCESS. ......c..cevververveereennnennen 52
Figure 2.3. Vacuum infiltration equipment.............cceevveeeiierieesieenieeieesiie e e 56

Figure 3.1. Callus growth curve obtained without discrimination as tip, mid, base.

Figure 3.2. Callus development from Yliregir immature inflorescence................. 60
Figure 3.3. A globular structure on 40 days old immature inflorescence-derived
CAITUS ..ttt sttt 61
Figure 3.4. Somatic embryoid development. ............ccccveeveieeeiiiiiniieeciie e 62
Figure 3.5. The embryoid structures visible in callus which is taken onto
1e€ZENETatioN MEAIUITL. ....eeiuiieiieiieeiieeiieeieeeite bt estteeteesteeebeeseesbeeseesnseesseessneeseens 63
Figure 3.6. Regeneration from mid and base portions............cccceeeveecveeriieeneennens 63
Figure 3.7. Embryoids which are still developing and regenerating from others. . 64
Figure 3.8. Four weeks old plantlets prior to transfer to jars. .........ccceceeveerieennnne 65
Figure 3.9. The comparison of shooting frequencies of tip, mid, base, and non-
polar origined explants under different dark incubation durations. ....................... 67
Figure 3.10. The comparison of root indUCHIONS. ........ccceevevieeririreriiieeciie e 69
Figure 3.11. The formation of green regions which do not give rise to shoots
shown in 16 weeks treated calli..........ooceriiriiiiiiiniiiiieeee 70
Figure 3.12. The comparison of average shoot number per regenerating callus at
the €nd 0F 4 WEEKS. ....eoouiiiiiiiiici e 71
Figure 3.13. Average shoot number per regenerating callus by pooled data. ........ 72

Figure 3.14. Effect of dark incubation period on shooting and rooting percentages.

XVii



Figure 3.15.
Figure 3.16.
Figure 3.17.
Figure 3.18.
Figure 3.19.
Figure 3.20.
Figure 3.21.
Figure 3.22.
Figure 3.23.
Figure 3.24.
Figure 3.25.

Plants transferred to soil and acclimized to greenhouse conditions .. 78
Average shoot number during soil transfer.............cccecveevieeiiienneennn. 80
Average shoot number during soil transfer with pooled data. ........... 81
Average leaf length data. ...........coccoiiiiiiiiii e, 83
Average leaf length with pooled data. .........cccceeeieriiiiiieniiiiieee. 84
The seed setting of regenerated plants. ..........ccccecveevierciienieniieenneenee. 84
Spike and seed of regenerated plants. ..........cccccveeeeieeeciieencieeniieeen. 86
Average seed number per spike with pooled data. ...............ccccee.. 88
Seed weight COMPATISON. .....c.veeieiieiiiiieeiieiee e 90
Average seed weight by using pooled data...........cccceeecvverieniieneennn. 91

Fair blue regions on 29d. old calli co-cultivated on MS; medium. ... 97

Figure 3.26. Transient UidA expression after using MMD medium for co-
CUIEIVALION ...ttt ettt ettt e et e st e et e e sateesbeesneeenseens
Figure 3.27. Extensive necrosis observed in one day old calli co-cultivated on
MMD MEAIUML ...ttt
Figure 3.28. GUS expression in 1 h, 1.5 h, and 2 h bacterial induction periods.. 102

Figure 3.29. Effect of bacterial incubation duration on GUS expression. ........... 103
Figure 3.30. Faint blue regions obtained from preconditioned explants.............. 104
Figure 3.31. Effect of no vacuum infiltration on GUS expression. ..................... 106

Figure 3.32. Transient GUS expression on explants which are not vacuum
INFIHEEALEA. .ot 107
Figure 3.33. Transient GUS expression upon 200 mmHg vacuum infiltration. .. 107
Figure 3.34. Necrosis induced upon transformation procedure. .......................... 108
Figure 3.35. Percent changes in callus weight upon PPT application (n=12)...... 109
Figure 3.36. A. The appearance of calli at the beginning of PPT experiment. B.

Control and 3 PPT application at the end of 5 weeks. .....c.ccooceeviriiniininiencenens 109

XViil



2,4-D
ANOVA

cv
EDTA
GUS

HCI
HMW-GS
LEA

MS

NaCl
NaOH
OD

PEG
RFLP

spp.
YEB

LIST OF ABBREVIATIONS

2,4-dichlorophenoxyacetic acid
Analysis of variance

Base pair

Cultivated variety

Ethylenediamine tetra acetic acid
B-glucuronidase

Hydrogen chloride

High molecular weight glutenin subunits
Late Embryogenesis Abundant
Murashige-Skoog basal salt medium
Sodium chloride

Sodium hydroxide

Optical density

Polyethylene glycol

Restriction fragment length polymorphism
Revolution per minute

Species

Yeast Extract Broth

XIX



CHAPTERII

INTRODUCTION

The cultivation of wheat (Triticum spp.) reaches far back into history. Wheat was
one of the first domesticated food crops and for 8 000 years has been the basic
staple food of the major civilizations of Europe, West Asia and North Africa.
Today, wheat is grown on more land area than any other commercial crop and
continues to be the most important food grain source for humans. Its production

leads all crops, including rice, maize and potatoes (Curtis, 2002).

1.1. Characteristics of Wheat
1.1.1. Wheat

Wheat is an annual grass belonging to the family Gramineae (Poacea) and genus
Triticum. Wheat has perfect flowers and reproduces sexually as a self-fertilizing
(self-pollinating) crop. Some cross-pollination occurs, but usually this is less than
3 percent (Cook et al., 1993). The plant is made up of root and shoot systems. The
shoot is made up of a series of repeating units or phytomers, each potentially
having a node, a leaf, an elongated internode and a bud in the axil of the leaf. The
shoot is terminated by a spike, which is also called as head or ear, bearing about 20
spikelets. In the spike, the phytomer is made up of the spikelet (the axillary bud)
and the rachis (node and internode). Each leaf comprises a cylindrical sheath
which wraps the subtending leaf, and a lamina (blade). The wheat plant has the

ability to tiller, i.e. to produce lateral branches. At the end of the vegetative phase



of development, the plant will consist of, in addition to the main shoot, a number

of tillers (Kirby, 2002).

Wheat may exhibit either a winter or spring growth habit. Winter wheats are
planted in the autumn and produce grain the following spring or summer. They
require a vernalization period of temperatures near or slightly below freezing as
well as minimum accumulation of growing degree days and or length of daylight
to concert from vegetative to reproductive growth. Accumulated growing degree
days are the total number of days average temperature above 0°C. Spring wheats
are planted in the spring and produce grain the following summer. They require a
minimum number of accumulated growing degree days and or length of daylight
but not a vernalization period to convert from vegetative to reproductive growth

(Cook et al., 1993).

The seed, grain or kernel of wheat (botanically, the caryopsis) is the fruit of the
plant and is normally about 4-8 mm long, depending on the variety and condition
of growth. The embryo or germ is situated at the point of attachment of the
spikelet axis, and the distal end has a brush of fine hairs. The embryo is made up
of the scutellum, the plumule (shoot) and the radicle (primary root). The plumule,
which forms the shoot when the seed germinates, has a stem attached to it and to
the coleoptile, which functions as a protective sheath. The scutellum is the region
that secretes some of the enzymes involved in germination and absorbs the soluble
sugars from the breakdown of starch in the endosperm. Surrounding the
endosperm is a metabolically active layer of cells or the aleurone layer, the seed
coat (testa) and the fruit coat (pericarp). The outer material down to and including
the aluerone layer is called bran (Cornell and Hoveling, 1998). The structure of

wheat kernel is demonstrated in Figure 1.1.
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Figure 1.1. Structure of a wheat kernel
(Adopted from http://www.thebreadery.com/nutrition_info/nutrition_info.htm,
Last access date: 28.09.2004).

1.1.2. Origin, Evolution and Classification of wheat

Wheat is a member of the grass family within the monocotyledonae sub-class and
Angiospermae class. Within the grass family, wheat is a member of the tribe

Triticeae and the genus Triticum (Cook et al., 1993).

The wheats of current commerce (durum, common and club wheats) are products
of natural hybridization of ancestral types. The best known ancestor is einkorn
wheat (Triticum monococcum L.) (Schmidt, 1974). Millions of years ago, the first
hybridization event is thought to have occurred when the wild grass Aegilops
speltoides crossed with the wild diploid wheat, Triticum monococcum (Tan, 1985).

The resultant hybrid was the tetraploid emmer wheat, Triticum dicoccum.



Domestication of emmer wheat lead to the evolution of the durum wheat.
Hybridization of tetraploid durum wheat, Triticum turgidum var. durum (2n=28,
AABB) with the diploid wild goat grass, Aegilops tauschii, led to the origin and
evolution of hexaploid wheat about 8000 years ago (Patnaik and Khurana, 2001).
The wild, primitive cultivated and modern cultivated wheats are shown given in

Table 1.1.

Table 1.1. Names of wild, primitive cultivated and modern cultivated wheats

(Feldman, 1976).

Wild wheats Primitive cultivated Modern cultivated
wheats wheats
T. monococcum var. T. monococcum var. T. turgidum  var.
boeoticum  diploid monococcum, durum, durum (hull-
(AA) einkorn (hulled) less) tetraploid
T. tauschii diploid diploid (AA) (AABB)
(DD) T. turgidum var. T. aestivum  var.
T. turgidum var. dicoccum, emmer spelta, spelt (hulled)
dicoccoides (hulled) hexaploid
tetraploid (AABB) T. turgidum var. (AABBDD)
T .timopheevii durum (hull-less) T. aestivum  var.
tetraploid (AADD) tetraploid (AABB) compactum, club
T. aestivum T. aestivum  var. wheat (hull-less)
hexaploid spelta (hulled) hexaploid
(AABBDD) hexaploid (AABBDD)
(AABBDD) T. aestivum  var.
T. aestivum wvar. aestivum, common
compactum (hull- wheat (hull-less)
less) hexaploid hexaploid
(AABBDD) (AABBDD)
T. aestivum  var.
aestivum  (hull-less)
hexaploid
(AABBDD)




The geographic centre of origin of wheat is considered to be western Iran, eastern
Iraq, and adjacent southern and eastern Turkey (Cook et al., 1993). Some of the
first domesticated primitive wheats as diploid Triticum monococcum (einkorn), a
tetraploid Triticum turgidum var. dicoccum (emmer), and a hexaploid known as
spelt (T. aestivum var. spelta) grown in the Fertile Crescent, the area in the Middle
East, which stretches from Israel and Lebanon into Syria, Turkey, Iraq and Iran
(Patnaik and Khurana, 2001). Presence of pure strands of wild diploid einkorn and
wild tetraploid emmer wheats in these regions suggest that they may have been
harvested and cultivated as such (Gill and Friebe, 2002). Recent genetic evidence
indicates that einkorn wheat (T. monococcum) may have been domesticated from
wild einkorn wheat (T. monococcum ssp. aegilopoides) in the region of the

Karacadag Mountains in southeast Turkey (Heun et al., 1997).

In Turkey, 10 different Triticum species, namely T. baeoticum, T. monococcum L.,
T. timopheevi, T. dicoccoides, T. dicoccon, T. durum, T. turgidum, T. polonicum,
T. carthlicum, T. aestivum are grown naturally. T. durum Desf. (2n=48) and T.
aestivum L. (2n=42) are the two most commonly cultivated wheats in Turkey
today (Tan, 1985).

Today all commercially grown wheat species are hexaploid or tetraploid. The
grain of many primitive cultivated wheat species, including einkorn, emmer and
spelt, is hulled, whereas the grain of all modern wheat species, including durum,
club and common wheat is free-treshing (Cook et al., 1993). The free-treshing,
compact eared and spherical grained wheat forms are thought to arise from

primitive hexaploid forms as a result of mutations (Miller, 1987).



1.1.3. Genetic and cytogenetic characteristics of wheat

The basic number of chromosomes in wheat species is seven. Thus, diploid wheat
species have 14 chromosomes, the tetraploid emmer and modern durum wheat
species have 28 chromosomes and the common hexaploid wheat species have 42

chromosomes (Cook et al., 1993).

The diploid wheats comprise a genomic group with the genome formula AA. This
basic genome is also common to all the polyploid wheats (Miller, 1987). There are
other different wild diploid species whose genomes have been labeled by
cytologists as BB, CC, DD etc. Through natural hybridization, one diploid species
combine its set of chromosomes with a different set of chromosomes of another
diploid species by a process known as amphidiploidy. Tetraploid wheat species
arose as a consequence of such natural crosses between two different diploid
wheat species (Cook et al., 1993). Hexaploid wheat species arose by the
combination of a tetraploid genome AABB with diploid genome DD of Ae.
squarrosa to produce a hexaploid hybrid of genome AABBDD (Miller, 1987).

Triticum aestivum, the bread wheat, has a genome size of 16 billion base pairs (bp)
of DNA organized into 21 pairs of chromosomes, seven pairs belonging to each of
the genomes A, B and D, which is designated as 2n = 6x = 42, AABBDD (Gill
and Friebe, 2002).

1.1.4. Nutritional value of wheat

In many countries, wheat is the major component of the diet. It is non-perishable,
easy to store and transport, has a good nutritional profile and allows the
manufacture of a wide variety of satisfying products. For many people, wheat-

based foods are the major source of energy, protein and various vitamins and



minerals. In some population groups, wheat-based foods provide two-thirds or

more of the daily caloric intake (Ranhotra, 1994).

The composition of the kernel varies widely in wheat. For example, usual range of
protein is from 8% to 15 %, however 7% or as high as 24 % can occur. The
embryo contains 26 % protein whereas the aleurone contains 24 % protein. From
the endosperm a water insoluble protein fraction called gluten can be isolated. It is

particularly important for the leavening in bread making (Inglett, 1974).

When protein contribution of wheat is considered, as in all other grains, lysine is
the most deficient amino acid in wheat. The amino acid profile of wheat improves
dramatically when only a small quantity of leguminous or animal protein is
simultaneously included in the diet. Wheat itself is low in fat and the fat that is
present is high in unsaturated fatty acids which lower elevated blood cholesterol
levels (Ranhotra, 1994). Triglycerides, phospholipids and glycolipids, fatty acids,
sterols, monoglycerides and diglycerides are present in whole wheat as well as
endosperm lipids. Tocopherols are another class of lipid substances present in
wheat. Wheat germ is an abundant source of a-tocopherol, which is known as

vitamin E (Inglett, 1974).

Whole-wheat flour and its bran are a good source of fiber, particularly water
insoluble fiber. In contrast, white flour, although not high in total fiber, is
relatively high in soluble fiber. Due to high fiber content and associated feeling of
fullness, wheat based products can help dieter control of food intake and weight
loss when accompanied with restricted caloric intake at the same time (Ranhotra,
1994). Wheat has a relatively high content of thiamine and niacin compared to
other cereal grains. It is low in riboflavin. Niacin and riboflavin are not affected by

heat so much and thus are not destroyed in bread making process (Inglett, 1974).

The only problems associated with wheat plant and its products is the allergenicity

of some people to gluten as a food, and the allergenicity of some people to wheat



pollen in the air. The extent of these problems is well understood (Cook et al.,

1993).

Societies consuming diets high in grain-based foods show a lower incidence of
chronic degenerative diseases such as heart disease, colon cancer and diabetes.
Grain based foods are economical foods as compared to most other foods. It is
suggested that in societies where nutrient deficiencies are still a major health
problem, grain-based foods provide an effective vehicle to fortify foods (Ranhotra,

1994).

1.1.5. Types of wheat and their uses

Wheat is classified with respect to different basis according to its agronomic and
end-use attributes. These classifications are generally based on quality, color and
growth habit (Oleson, 1994). Although useful as a livestock feed, wheat is used
mainly as a human food due to its nutritious, concentrated, easily stored and
transported nature, and ability to be easily processed into various types of food.
Unlike any other plant-derived food, wheat contains gluten protein, which enables
leavened dough to rise by forming minute gas cells that hold carbon dioxide during

fermentation (Gibson and Benson, 2002).

Approximately, 90 to 95 percent of the wheat produced in the world, is common
wheat (T. aestivum), which is classified as hard wheat or soft wheat, depending on
grain hardness. Wheat is utilized mainly as flour (whole grain or refined) for the
production of a large variety of leavened and flat breads, and for the manufacture
of a wide variety of other baking products. The rest is mostly durum wheat (T.
durum), which is used to produce semolina (coarse flour), the main raw material of
pasta making (Pefia, 2002). The types and utilizations of wheats is given in Table
1.2.



Table 1. 2. Types and utilizations of wheat

(Adopted from http://wbc.agr.state.mt.us/prodfacts/usf/usclass.html#, 28.09.2004)

HARD RED Has wide range of protein content, good milling and baking

WINTER characteristics. Used to produce bread, rolls and, to a lesser

WHEAT extent, sweet goods

HARD RED Contains the highest percentage of protein, making it excellent

SPRING bread wheat with superior milling and baking characteristics.

WHEAT

SOFT RED Used for flat breads, cakes, pastries, and crackers.

WINTER

WHEAT

HARD WHITE Closely related to red wheats, this wheat has a milder, sweeter

WHEAT flavor, equal fiber and similar milling and baking properties.
Used mainly in yeast breads, hard rolls, bulgur, tortillas and
oriental noodles.

SOFT WHITE Used in much the same way as Soft Red Winter (for bakery

WHEAT products other than bread). Contains low protein, but has high
yielding. Used for production of flour for baking cakes,
crackers, cookies, pastries, quick breads, muffins and snack
foods.

DURUM Used to make semolina flour for pasta production. Common

WHEAT foods produced from durum wheat are macaroni, spaghetti,

and similar products.

Besides being the major ingredient in most breads, rolls, crackers, cookies,

biscuits, cakes, doughnuts, muffins, pancakes, waffles, noodles, pie crusts, ice

cream cones, macaroni, spaghetti, puddings, pizza, and many prepared hot and




cold breakfast foods, wheat it is also used in baby foods, and is a common
thickener in soups, gravies, and sauces. Much of the wheat in the form of
by-product of the flour milling industry is used for livestock and poultry feed.
Wheat straw is used for livestock bedding (Gibson and Benson, 2002). About 6 %
of wheat is used for industrial purposes which include the processing of wheat into
starch and gluten for widely range of utilization in processed food products, the
production of ethyl alcohol, plastics, varnishes, soaps, rubber and cosmetics
(Olenson, 1994). The straw may be used for newsprint, paperboard, and other

products.

1.1.6. Wheat production

Wheat has the widest adaptation of all cereal crops and is grown in some 100
countries around the world (Oleson, 1994). According to the “Grain Market
Report” figures of International Grains Council which is released in January, 2003,
top wheat producing nations are China, India, Russia, United States and France.
The amount of wheat produced by top 10 producers and total amount of wheat

produced in the world from 1996 to 2002 is given in Table 1. 3.

According to United Nations Food and Agricultural Organization (FAO) 2002
reports, wheat production in the world is about 568 million tons and China, India,
Russia, USA and France have produced 51.7 % of world’s wheat. FAO figures
indicate that Turkey has a 3.5 % of world wheat production and rank eightieth with
a close efficiency to world’s average. Again according to FAO, in 2002, wheat
was cultivated in 9.400.000 hectares of area, and 20 million tons of wheat is
produced with an efficiency of 21.277 kg/Ha. However, this amount is not
sufficient for the national demand for wheat. In Union of Turkish Chambers of
Agriculture 2004 Wheat Report, it was indicated that although utilization of wheat
in developed countries is not so high, wheat based nutrition and high demand for

wheat is common in Turkey and in countries where gross national income per
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capita is low. It was also mentioned that in Turkey 60% of daily calorie

requirement was acquired from wheat.

Thus, wheat is also imported from other countries. Bread wheat is one of the
highly imported crops in Turkey and when the average of year 1996 to 2001 is
considered, it has a 9.71 % share in mostly imported crops with a value of 245.1

million dollars (Doélekoglu, 2003).

Table 1.3. Top wheat producing nations (1996-2002), in terms of million tons.

Country 2002 2001 2000 1999 1998 1997 1996
China 89.0 94.0 99.7 1139 109.7 123.3 110.6
India 71.5 688 764 70.8 659 694 62.6
United States 440 533 60.8 62.7 694 675 620
France 39.0 314 375 372 398 339 359
Russia 506 469 345 31.0 27.0 443 349
Canada 157 206 268 269 241 243 298
Germany 208 228 21.6 19.6 202 198 189
Pakistan 195 191 21.1 179 187 16.7 169
Australia 185 241 185 241 22.1 194 237
Turkey 175 155 175 165 185 162 16.2
WORLD TOTAL 563.2 579.2 582.3 584.7 586.9 610.0 582.4

1.2. Improvement of wheat

The increase in the demand for food production as the world population enlarges
cannot be disregarded. Hoisington et al. (2002) stated the requirement for food in
next decades as: “Two hundred people are being added to the planet every minute.

It is forecast that by the year 2050, the world’s population will double to nearly 12
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billion people. To feed this population, these people will require a staggering
increase in food production. In fact, it has been estimated that the world will need
to produce more than twice as much food during the next 50 years as was
produced since the beginning of agriculture 10 000 years ago”. As being the
mostly consumed crop in the world, wheat production should be improved either
by increasing the yield in areas where wheat has already being produced or by
enlarging the wheat cultivated area via releasing cultivars that can be grown in

marginal environments.

In Turkey, wheat improvement studies concern the improvement of bread wheat
and durum wheat. The conducted researches are mainly focused on resistance to
diseases, adaptivity to the region and climate, yield and quality. Wheat is
susceptible to many pests and diseases, especially rust, bunt and sunn pest are the
main problems encountered in Turkey. There are some ongoing studies for
developing sunn pest resistant transgenic wheat plants with Turkish varieties (Ebru
Ozgiir, personal communication). Also, developing plants against zinc deficiency
which is seen especially in Central Anatolia (Cakmak et al., 1999) would be very
suitable. As far as we know, no researches have been conducted for improving
nutritional characteristics of wheat. However, since there is a high demand for
wheat and wheat covers very high percentage of daily calorie requirement in diet
of Turkish people, increasing its nutritional value is a very promising way of

fortifying foods.

1.2.1. Wheat cultivation

Scientific approaches to crop improvement have their history in the rediscovery of
Mendel’s law at the beginning of this century. Following Mendel’s law, breeders
have been searching for technologies and converting this ‘art’ of breeding to a
‘science’. Wheat breeders have been able to introduce desirable traits that

increased the grain yield and minimize the crop loss (Patnaik and Khurana, 2001).
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The conventional breeding techniques utilize processes of crossing, back crossing
and selection. The main breeding schemes of wheat comprise the development of
three types of wheat cultivars: pure lines, multilines, and hybrids. Pure lines are
produced by cross-breeding followed by selection until the line is genetically
uniform and its duration is usually eight to ten generations. Multilines are mixtures
of pure lines. Hybrids are produced by either the cytoplasmic male-sterile method
or by the chemical hybridization agent method. Pure-line crossbred cultivars are

the most common ones (Cook et al., 1993).

The tribe Triticeae comprising of over 300 species including wheat, rye and barley
is considered as germplasm source for wheat improvement by classical breeding
approaches (Patnaik and Khurana, 2001). However, much of the world’s wheat
germplasm possesses traits that are unsuitable for modern processing of wheat
grain for various food products. Use of exotic germplasms for cultivar
improvement can be done but it requires many generations of backcrosses and
selection. Another option is to use of relatively adapted parental stocks with
acceptable quality traits, however this preference from narrow crosses reduces
opportunities for significant advances in yield and other complexly inherited traits

(Cook et al., 1993).

Many of the necessary or desirable characteristics of wheat needed for solving
specific production problems or meeting specific market of nutritional needs
cannot be achieved by traditional breeding technologies due to the lack of
availability of adequate resistance to many important diseases and insect pests in
the existing wheat germplasm bank. Accordingly, the efforts of plant breeders in
the improvement of wheat yield by using conventional breeding methods attained

a plateau especially in terms of yield (Sahrawat et al., 2003).
Moreover, conventional breeding techniques which are based on processes of

crossing, back crossing and selection, are time consuming and could hardly keep

pace with the rapid co-evolution of pathogenic micro-organisms and pests. Thus,
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the development of in vitro technologies have complemented the conventional
methods of wheat breeding for the production of novel cultivars with desirable

characters (Patnaik and Khurana, 2001).

1.2.2. Wheat biotechnology

Biotechnology, which involves the systematic application of biological processes
for the beneficial use, is emerging as one of the latest tools of agricultural research
in recent years. Besides traditional plant breeding practices, biotechnology
contributes to the development of new methods to genetically alter and control
plant development, plant performance and plant products. Since plant
biotechnology involves the delivery, integration and expression of defined genes
into plant cells which can regenerate into whole plants, biotechnological
approaches have the potential to complement conventional methods of breeding by
reducing the time taken to produce cultivars with improved characteristics. Unlike
conventional breeding which utilizes domestic crop cultivars and related genera as
a source of genes for improvement of existing cultivars, biotechnological
approaches can transfer defined genes from any organism and in this manner can

increase the gene pool available for improvement (Patnaik and Khurana, 2001).

In the early 60’s, conventional breeding techniques integrated with improved farm
management practices led to a significant increase in world wheat production.
However, later on, the outbreak of these practices has reached to a plateau which
directed the targets of genetic improvement to minimize yield losses caused by
various biotic and abiotic stresses. Biotechnology offers solutions for not only
lowering production costs by making plants resistant to various abiotic and biotic
stresses, but also by enhancing the product quality such as by improving the

nutritional content or processing or storage characteristics of the end product.
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The introduction of foreign genes encoding for useful agronomic traits into
commercial cultivars has resulted in saving time required for introgression of the
desired trait from the wild relatives by conventional practices and prevents the
extensive use of hazardous biocides which destroys the environmental balances.
In recent years, wheat improvement efforts have therefore focused on raising the
yield potential, quality characteristics, resistance to biotic stresses and tolerance to
abiotic stresses depending on the regional requirement of the crop (Patnaik and

Khurana, 2001).

It is well known that the efficiency of a transformation protocol depends on several
components. First component is the presence of a reliable regeneration method for
the plant species into which the novel gene is desired to be introduced. Secondly,
the presence of a suitable and highly efficient gene transfer technique is required.
Finally, an effective screening and selection method for the recovery of
transformants should be present. In order to attain these requirements, scientists
from various parts of the world have focused not only on the delivery of foreign
gene methods but also on the optimization of regeneration of wheat in tissue

culture.

1.3. Tissue culture studies in wheat

Plant tissue culture methods provide development of suitable callus systems and
offer efficient plant regeneration from cultured cells and tissues. These tissue
culture applications can be used for the improvement of crop plants. In order to
better explain the tissue culture practices employed in wheat, general information

on callus cultures and plant regeneration systems is documented in this section.
Callus is a disorganized proliferated mass of actively dividing cells. A callus

consists of a mass of loosely arranged thin-walled parenchyma cells arising from

the proliferating cells of the parent tissue. Callus has the potential to develop
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normal roots, shoots, and embryoids that can form plants. Plant materials used to
initiate the callus, the composition of the medium, and the environmental
conditions during the incubation period are the important factors affecting general

growth characteristics of a callus (Dodds and Roberts, 1985).

The formation of callus from an explant roughly contains 3 stages: induction, cell
division, and differentiation. During induction phase, the metabolism is prepared
for cell division. At the actively cell division phase, the cells of the explant are
reverted to meristematic or dedifferentiated state. Third phase is the appearance of
cellular differentiation and expression of certain metabolic pathways (Dodds and
Roberts, 1985). Due to the heterogeneous nature of tissue explants, only certain
cell types are capable of responding to the in vitro culture conditions. Those cells
are defined as competent. The term competence refers to the capability of a cell or
group of cells to respond to an inductive stimulus for a developmental process

(Ritcie and Hodges, 1993).

In vitro plant regeneration can be performed by organogenesis or somatic
embryogenesis. Organogenesis is a developmental pathway in which shoots or
roots (i.e. organs) have been induced to differentiate from a cell or group of cells.
In vitro plant regeneration by organogenesis usually involves induction and
development of a shoot from the explant tissue, with or without an intervening
callus stage, followed by transfer to a different medium to induce root formation
and development. If the shoot or root is induced and develops directly from a pre-
existing cell in the explant without undergoing an initial callus phase, then the
process is called as direct organogenesis. On the other hand, indirect
organogenesis involves an initial phase of callus proliferation and growth,
followed by shoot or root induction and development from this proliferated callus

tissue (Ritcie and Hodges, 1993).

Somatic embryogenesis is a developmental pathway in which embryos have been

induced to form from a somatic cell or group of somatic cells. Somatic
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embryogenesis can occur directly without an intervening callus phase but indirect

somatic embryogenesis is generally more common (Ritcie and Hodges, 1993).

In somatic embryogenesis, each developing embryoid passes through the
sequential stages of embryo formation: following repeated cell divisions, cell
aggregates progressively develop and pass through globular, heart, and torpedo
stages before ultimately forming plantlets. Abnormalities such as embryonal
budding and embryogenic clump formation might occur, if relatively high levels of
auxin are present in the medium after the embryogenic cells have been
differentiated. For this reason, two different media may be required for the
initiation of the embryonic cells and for the subsequent development of these cells
into embryoids. For some plants such as wheat, embryo initiation and maturation

take place in the same medium (Dodds and Roberts, 1985).

Germination of somatic embryos is usually induced on hormone-free culture
medium or medium that contains low levels of an auxin or low levels of both an
auxin and a cytokinin. Under these conditions, the somatic embryos which are
developmentally capable of germinating, do so without maturing. Unlike mature
zygotic embryos, which germinate vigorously into sizeable plants within several
days, germinating somatic embryos generally lack vigor and may require many

days to develop into healthy, rapidly growing plants (Carman, 1995).

In 1980s, the much of the potential impact of advances in biotechnology used to be
demonstrated in model plant species, particularly in the genus Nicotiana (tobacco
and related species). As indicated in Vasil’s review in 1987, until that time, there
were only a few reports of reproducible plant regeneration from tissue cultures of
the Gramineae. In most cases, even the induction and maintenance of long-term
callus cultures was found to be extremely difficult and regenerative capacity was
often lost within the first few subcultures. The induction and long-term
maintenance of embryogenic tissue cultures in a wide variety of gramineous

species was achieved by the utilization of 2,4-dichlorophenoxyacetic acid (2,4-D)
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as the auxin type of plant growth regulator and by choosing the explants which

contains meristematic and undifferentiated cells (Vasil, 1987).

Rapid and large scale clonal propagation of especially the ornamental plants is a
widely employed plant regeneration technique. However, this technique is proven
to be difficult for cereals and grasses. The regeneration of all major cereals in
tissue culture is possible by the utilization of 2,4-D and the usage of immature
embryos or young inflorescence or young leaf based explants via somatic
embryogenesis. Owing to their origin form single cells, plants obtained from
somatic embryos are non-chimeric and show genetic uniformity and clonal fidelity

(Vasil, 1987).

1.3.1. Factors affecting in vitro culture of wheat

There are several factors that affect the in vitro culture of wheat. The type of
explant, the genotype of the cultivar used and components of the tissue culture

media are the most important ones.

The type of explant and the developmental stage of the explants have been found
to be critical factors in the establishment of totipotent cultures. Embryos, leaves
and inflorescences possess a brief period of time in their developmental stages
during which they have competence to form embryogenic cultures (Botti and
Vasil, 1984; Lu and Vasil, 1981; Vasil and Vasil, 1981). Their competency is due
to their still meristematic nature and being not yet fully committed to specialized
functions and might be due to their hormonal status. Vasil (1987) has suggested
the likelihood of endogenous pools of plant growth regulators to be related to the
gradient of embryogenic competence seen in young leaves, inflorescences of grass
species and indicated that explants obtained before or after this developmental

stage form only non-morphogenic or non-embryogenic callus.
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A relationship between plant genotype and in vitro response particularly in terms
of regeneration has been reported in several studies with cereals (Sears and
Deckard, 1982; Maddock et al., 1983; Mathias and Simpson, 1986; Borrelli et al.,
1991; Fennel et al., 1996; Ozgen et al., 1998). Sears and Deckard, in 1982,
investigated the genotypic differences in immature embryo based callus cultures.
They have found that for most of genotypes, the degree of cellular organization
and shoot meristems can be controlled by manipulation of 2,4-D concentration
which indicates variation in tolerance to 2,4-D amongst genotypes. Also, Maddock
et al. (1983) evaluated plant regeneration from immature embryo and
inflorescence tissues of 25 wheat cultivars and they reported clear differences in

morphogenic capacities of genotypes.

Vasil (1987) has indicated that the relationship of genotype to morphogenetic
competence In Vitro is complex and indirect. “This relationship is influenced by
physiological and environmental factors and has a strong effect on the synthesis,
transport and the availability of plant growth regulators” (Vasil, 1987). It is also
suggested by Vasil that when suitable explants at defined developmental stages are
excised from plants and cultured under optimal conditions with appropriate
amount of plant growth regulators, even recalcitrant plants or genotypes can be

induced for morphogenesis.

It can be concluded that besides type of explant and genotype of the cultivar,
culture conditions and the amount of exogenously applied plant growth regulators
which act simultaneously with the endogenous plant hormones have a deep impact
on the fate of the explant in tissue culture.

1.3.2. Induction and maintenance of embryogenic callus

In wheat, embryogenic callus cultures can be obtained most readily from immature

embryos, and young inflorescences and leaves. In embryos, callus originates from
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epithelial and subepithelial cells of the embryo scutellum and in inflorescences
mainly from the rachis and glumes of the young inflorescence (Ozias-Akins and

Vasil, 1982).

During the initial period of excision and culture of explant in the presence of 2,4-
D, embryogenic competence is expressed by a few cells. Somehow, these cells are
selected and preferred. The maintenance of adequate levels of 2,4-D helps to
perpetuate the embryogenic nature of cultures by continued divisions in
embyogenic cells and in active meristematic zones formed in proliferating tissues.
Lowering of 2,4-D levels results in the organization of somatic embryos.
Embryogenic cells are characteristically small, thin-walled, tightly packed, richly
cytoplasmic and basophilic, and contain many small vacuoles as well as prominent
starch grains (Vasil and Vasil, 1981). When 2,4-D levels become too low, the
embryogenic cells enlarge, develop large vacuoles, lose their basophilic and richly
cytoplasmic character, walls become thicker, starch disappears (Vasil and Vasil,
1982). This irreversible process of differentiation leads to the formation of a
friable non-embryogenic callus which is generally non-morphogenic or may form
roots. Most cultures are actually mixtures of embryogenic and non-embryogenic
cells as a result of such continuous conversion. In general, embryogenic calli are
characterized as off-white, compact, nodular type and as white, compact type.
Upon subculture the nodular embryogenic callus was defined to become aged
callus and formed an off-white, soft and friable embryogenic callus both of which
retain the embryogenic capacity for many subcultures (Redway et al., 1990). In
order to maintain the embryogenic potential, and to ensure that plant regeneration
is solely via somatic embryogenesis, it is important to visually select and transfer

embryogenic calli during subcultures.
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1.3.3. Genetic variability in culture and in regenerated plants

Genetic variability during culture, which is common in plant tissue cultures, can be
a great problem in the true clonal propagation of cereals and grasses where
absolute fidelity to the genotype is required. Vasil (1987) proposes that the
occurrence of permanent phenotypic changes is not a frequent phenomenon and
some of the observed changes may be temporary or a result of a chimerism. There
exists no large scale somaclonal variation in agronomically useful varieties of any
cereal or grass species. As cited in Vasil (1987), one of the apparent observations
reported by Vasil and co-workers in 1982 was phenotypic uniformity, normal
chromosome number and absence of albinos in plants regenerated by somatic
embryogenesis in Gramineae and no polyploids and aneuploids were found in any
of the species. It is quite likely that there exists changes in small amounts
involving the minor structural rearrangements of chromosomes, or transpositional
events, point mutations and alterations in organelle DNA etc. However, detecting
their occurrence is very difficult. In a report by Chowdhury and co-workers in
1994, no major variation detected in wheat mitochondrial DNA during short-term
culture upon RFLP analysis. It might be also possible that the somatic embryos
with important chromosomal aberrations would not develop until maturity to give
rise to a plant and thus their occurrence have not been recorded. Some genetic
variability may arise spontaneously in culture. The reason might be components of
the nutrient medium, loss of controls of cell division and differentiation in intact

tissues and plants and activity of transposable elements.

1.3.4. Studies on wheat regeneration systems

A variety of explants have been used in attempts to establish regenerable tissue

cultures of wheat, including whole seed, mature and immature embryos, isolated

scutellum, immature inflorescence, immature leaf, mesocotyl, apical meristem,

coleoptilar node, and root (Rakszegi et al., 2001). Among them the most widely
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used explants are immature embryos, immature inflorescences, and mature

embryos and a survey of the studies exploiting these explants is given below.

Immature embryos

One of the earliest reports on plant regeneration from immature embryo-derived
callus cultures of wheat was reported by Ahloowia (1982). In this study, callus
formation was found to be better in a medium which is devoid of kinetin but
contains 2,4-D and IAA. The regenerated plants were stated to be originating via
organogenesis but some bipolar structures with colorless root and green shoot

zones were also reported.

Sears and Deckard (1982) compared callus induction and shoot formation from
immature embryos of 39 cultivars of winter wheat and by using one defined series
of media, they achieved high rates of immature embryo derived callus of some
cultivars and found that both the rate and occurrence of regeneration was quite

cultivar specific.

In 1983, Ozias-Akins and Vasil reported efficient somatic embryogenesis in tissue
cultures derived from the scutellum of immature embryos of T. aestivum. They
showed that callus maintained in the dark appeared equal to those in the light with
respect to growth rate but superior with respect to formation of embryogenic
tissue. They also showed microscopical and histological examination of shoot

development.

In 1986, Mathias and Simpson who investigated the effect of the interaction of
genotype and culture medium on the initiation of callus from immature embryos
have found that regeneration from calli ranged from 0-60 % in eight lines and they
concluded that the genotype clearly has more effect on the response of calli than

the presence of complex organic additives in the media.
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In 1991, Italian group Borrelli and co-workers have regenerated five varieties of
Durum wheat as a result somatic embryogenesis of long term selective subculture
of immature embryo derived embryogenic calli. They also reported the differences

in genotypic response.

In 1993, Bai and Knott established long term culture from the immature embryos
of a hybrid between Triticum aestivum L. and Thinopyrum ponticum. They found
that with increasing time on a maintenance medium, the plant regeneration rates of
the hybrid calli decreased when transferred to regeneration media containing 0.1,
0.2, or 0.5 mg/L 2,4-D. After 3 months of subculture, the highest plant
regeneration rate was obtained on the medium containing 0.5 mg/L 2,4-D, while
on the 24™ month of subculture the highest plant regeneration rate was obtained on
the medium containing 0.1 mg/L 2,4-D. So, as the callus aged it was important to
reduce the level of 2,4-D in the regeneration medium. They confirmed that after
long term callus culture on a maintenance medium, the concentration of 2,4-D in
the regeneration medium should be decreased to create optimum culture

conditions.

Fennell and colleagues from International Maize and Wheat Improvement Center
(1996) investigated the regeneration of elite bread wheat cultivars from immature
embryos. They found the regeneration percentage to be varying widely between

2% and 94% with both genotype and the initiation medium utilized.

In 1996, Bommineni and Jauhar have described the establishment of optimal in
vitro conditions for the rapid regeneration of durum wheat plantlets from isolated
immature scutella. Upon trials of different solidifying agents, they routinely
utilized agar solidified induction medium for rapid initiation of embryogenic calli
and half strength hormone free medium as regeneration medium. The regeneration
frequency was found to be variable among genotypes and the regeneration
frequencies of cultivars ranged from 60-100 %, in their best responding conditions,

with an overall mean of 71.2%.
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In 1998, Machii and co-workers have screened Japanese wheat genotypes for high
callus induction and regeneration capacity from anther and immature embryo
cultures. For immature embryo culture, 97 genotypes out of 107 were found to
show 90% callus induction rate and 74 of them regenerated to plants. The
regeneration percentages of best responding genotypes were found as 90%, 80%

and 75 %.

In 1999, Fernandez and co-workers have investigated the embryogenic response of
immature embryo cultures of durum wheat and they showed that addition of 1 mg/
L of AgNO; enhanced the induction of somatic embryogenesis more than 22 fold
and affect both the percentage of embryogenic explants and also the number of

somatic embryos per explant.

Arzani and Mirodjagh (1999) have evaluated the response of twenty eight cultivars
of durum wheat to immature embryo culture, callus induction and in vitro salt
stress. They found significant differences among cultivars for potential of
regeneration from immature embryo, and also concluded that fresh weight growth
data is more effective than callus induction frequency in evaluation of callus
induction. They also concluded that by using relative fresh weight growth in
different NaCl concentrations, it was possible to select for more tolerant

genotypes.

In 2001, Khanna and Daggard has reported a method which results in increased
regeneration potential of ageing calli initiated from isolated scutella of immature
embryos of nine elite Australian wheat cultivars by the application of spermidine
and water stress. The calli of some cultivars up to 12-weeks old had shown
improved regeneration with 16 h of dehydration stress. They also reported 3-50%
increase in regeneration potential of older calli (16-20 weeks old) upon exogenous
spermidine application while regeneration of younger calli (4-week old) was

affected negatively by spermidine.
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Pellegrineschi and co-workers (2004) have obtained optimal callus induction and
plant regeneration in bread and durum wheat by manipulating NaCl concentration
in the induction medium. For bread wheat, medium with 2.5 mg/L 2,4-D and for
durum wheat, medium with 2 mg / L 2,4-D and 2 mg/L NaCl was found to yield
higher regeneration responses. As also seen in the report of Khanna and Daggard

(2001), water stress was found to affect somatic embryogenesis positively.

Mature embryos

Heyser et al. (1985) reported long-term and high frequency plant regeneration
from Triticum aestivum by using mature and immature embryos. They proposed
that it is possible to change the amounts of embryogenic and non-embryogenic
callus in both mature and immature embryo derived cultures by altering the 2,4-D

concentrations in the medium.

In 1996, Ozgen and co-workers compared the callus induction and plant
regeneration from immature and mature embryos of winter durum wheat
genotypes. For mature embryos, they used endosperm supported culture. They
found mature embryos to have a low frequency of callus induction but a high
regeneration capacity. When availability, rapidity and reliability of mature embryo
were considered, mature embryo culture was suggested by authors as an

alternative to immature embryo cultures.

In a subsequent study, in 1998, Ozgen and co-workers cultured immature and
mature embryos of 12 common winter wheat genotypes and compared their
regeneration response. They used endosperm-supported callus induction method to
overcome the low frequency of callus induction associated with mature embryos.
They concluded that callus responses of mature embryo culture may be higher than
those of immature embryo culture. They found no significant correlations between

callus induction, regeneration frequency and number of plants regenerated. They
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also confirmed strong genotypic influences on callus induction and regeneration

capacity.

Delporte and co-workers, in 2001, regenerated plants from thin mature embryo
fragments of wheat. They used small fragments of mature embryo (with 500um
mean diameter) as explants to initiate embryogenic calli on solid medium
supplemented with 10uM 2.,4-D and ended up with 90 % callus induction
frequency. They obtained highest embryogenic callus induction rate when 2,4-D is
suppressed after a 3-4 week induction period. The optimal protocol was found to

produce 25-30 plants per 100 embryos.

In 2003, Zale and co-workers have compared the behaviour of a diverse number of
wheat genotypes in their tissue culture response by using mature embryos as the
explant source. Besides 47 wheat cultivars, they also tested the tissue culture
response of common wheat progenitors Triticum monococcum, Triticum tauschii
and Aegilops speltoides. Among the progenitors, the authors indicated the higher
regeneration capacity of Ae. speltoides. They found 39 % regeneration capacity as
the mean of cultivars and 31% culture efficiency in mature embryos of 29
hexaploid wheat cultivars and lines. They also compared immature embryos and
mature embryos of elite wheat cultivars and found immature embryos to be
superior in terms of regeneration. On the other hand, they concluded that mature
embryos can produce sufficient amount of regenerants by saving for growth

facility resources and time.
Ozgen’s group (2001) has also reported the positive effect of cytoplasm in callus

induction, regeneration capacity of callus, culture efficiency and numbers of

regenerated plants.
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Immature inflorescences

In 1982, Ozias-Akins and Vasil have reported that tissue cultures of Triticum
aestivum initiated from young inflorescences and immature embryos possessed the
potential for regeneration to whole plants. They stated that both friable and
compact type of callus were produced on MS with 2 mg / L 2,4-D. Embryogenic
callus from inflorescence tissue of wheat was found to have the same morphology
as that arising from the scutellum of immature embryos and could organize
somatic embryos which germinate to form plants. They suggest that while typical
bipolar embryos are generally not formed, plant regeneration nevertheless takes

place through embryogenesis and the precocious germination of the embryoids.

In their study of regeneration of 25 cultivars of wheat from cultured immature
embryos and inflorescences, Maddock and co-workers have shown in 1983 that
the capacity for plant regeneration differs consistently between cultivars of wheat
and is under genetic control. They tested the regeneration response of 19 wheat
genotypes and found that the percentage of shoot forming cultures ranged from 29
to 100 % for immature inflorescences while it ranged from 12 % to 96% for

immature embryos.

In 1990, Redway and colleagues from Vasil’s laboratory have identified the callus
types in commercial wheat cultivars. They found immature embryos to be more
suitable for embryogenic callus formation while anthers responded poorly and
inflorescences gave an intermediate response. They also reported that there were
no significant differences in regeneration response of calli derived from embryos

and inflorescences cultured on different initiation media.

In 1999, Barro and co-workers optimized media for efficient somatic
embryogenesis from immature inflorescences and immature scutella of elite wheat,
barley and tritordeum cultivars. They suggest that for wheat and tritordeum

inflorescences, regeneration from embryogenic calli induced on medium with
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picloram was almost twice as efficient as regeneration from cultures induced on
2,4-D. They also demonstrated that embryogenic capacity from inflorescences
with an average of 92 % was higher than from immature scutella for which
average is 62 %; however, shoot regeneration from scutella was clearly higher than

inflorescences.

Caswell and colleagues (2000) regenerated fertile plants from immature
inflorescence explants from each of four Canadian wheat cultivars. They have
tested two different media: MS based medium which contains 1650 mg/L NH4NO3
and sucrose as the carbon source, and enriched MS medium containing 250 mg/L
NH4NO; and maltose as a carbon source. With second medium, regeneration of all
cultivars was found significantly better. Best responses were obtained from
immature inflorescences which are 0.51 to 1.0 cm in length. According to results
of best treatments, 16.1, 12.4, and 6.4 shoots per 10 explants were obtained in 3

different cultivars.

In 2000, Benkirane and co-workers obtained plant regeneration from fragments of
immature inflorescences and coleoptiles of durum wheat via somatic
embryogenesis. In their results, for inflorescence fragments, the highest
frequencies of embryogenic callus formation (100% for most cultivars) and
regeneration (100 % for two cultivars) were obtained from 0.5-1 cm long

fragments.

In 2001, He and Lazzeri tested the regeneration capacity of scutellum and
inflorescence explants of four genotypes of durum wheat and concluded that
scutellum cultures gave higher frequencies of embryogenesis and plant
regeneration than inflorescence cultures. The regeneration frequencies were found
to be 97% to 100% for scutellum cultures with induction medium containing 2
mg/L picloram and 45-80% for inflorescence cultures with 4 mg/L picloram in

induction medium.
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One of the studies that investigate the embryogenic potentials of Turkish wheat
cultivars from immature embryo and inflorescence explants was conducted by
Ipek Zeynep Durusu (2001). In this study, the regeneration potential of eight
Turkish wheat cultivars was compared and immature inflorescences were found to
have higher regeneration capacities than immature embryos and cultivars
Dogankent, Seyhan and Yiiregir was identified as the genotypes with highest

regeneration potentials.

1.4. Transformation of Wheat

Different transformation methods which are being used in other plant systems have
been attempted to adapt to wheat with varying degrees of success. To date, only
biolistics (particle bombardment), electroporation, and Agrobacterium-mediated
transformation methods have been reported to produce fertile transgenic wheat

plants with stable integration of the transgenes (Janakiraman et al., 2001).

1.4.1. Transformation of wheat protoplasts

Protoplasts are plant cells which do not possess cell wall. Due to the absence of
cell walls, direct delivery of foreign gene is thought to be easier. Thus, protoplasts
were extensively utilized in the initial attempts of wheat transformation. Their use
as explants for direct gene transfer was facilitated by the development of suitable
techniques for isolation of protoplasts from different tissues. The first report of
direct gene transfer in wheat protoplasts was by Lorz and co-workers (1985) from
cultured cells Triticum monococcum by PEG-mediated uptake. The physiological
age of the developing grain and the physiological state of the isolated protoplasts
affected the level of transient gene expression. Some other significant factors
affecting the transient activity of the reporter gene constructs were found to be the

presence of the divalent cation Mg®" with PEG, time lapse after DNA uptake, pre-
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culture medium and the regulatory elements of the vector construct. These reports
yielded low transformation efficiencies in the order of 0.005%. The low
efficiencies along with the difficulties arose by the regeneration of plants from
protoplasts forced researchers to utilize alternative target cells or tissues with
known regenerating capacities (Patnaik and Khurana, 2001). Accordingly,
subsequent researches have focused more on embryogenic suspension cells and
embryogenic callus cultures derived from scutellar tissue of mature and immature

embryos.

1.4.2. Electroporation of wheat protoplasts and organized tissues

Electroporation uses high voltage electrical pulses to create transient pores in the
cell membrane and, in this way, the uptake of macromolecules like DNA is
facilitated from a surrounding buffer solution. Ou-Lee et al. (1986) reported the
expression of the bacterial chloramphenicol acetyl transferase (cat) gene after
electroporation of protoplasts of three important graminaceous plants; rice,
sorghum and wheat. The survival percentage of protoplasts after electroporation
depended largely on the tissue of origin. Stable transformation by electroporation
(Zhou et al., 1993) was reported by the use of the plasmid pPBARGUS into
protoplasts isolated from cell suspension initiated from an anther-derived callus.
Stable transformation of protoplasts was also reported by He and co-workers
(1994) by electroporation employing the bar gene as the selectable marker with a
transient expression of gus gene at a frequency of 1x 10”. Electroporation of
protoplasts considerably improved the gene transfer efficiency as compared to that

achieved with PEG mediated approach.

The utilization of electroporation technique was extended to organized tissues by
the study of Kloti and co-workers (1993) which reported the transfer of reporter
genes (anthocyanin regulatory gene and the gus gene) by elecroporating zygotic

wheat embryos. Introduction of gus gene was also reported by electroporating
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organized tissue from slow-growing, embryogenic calli (Zaghmout, 1994). In
1998, He and Lazzeri reported the optimized conditions such as electroporation
voltage, the pulse length, volume of the electroporation buffer, osmoticum of the
buffer and medium etc. for tissue electroporation of wheat scutellum cells and
Tritordeum inflorescences. They suggest that their optimized protocol has a
negligible effect on the regeneration of the plants. Recently, the production of
fertile transgenic wheat plants by this method from intact immature embryos was

reported by Sorokin and colleagues (2000) at a transformation frequency of 0.4%.

The efficiency of electroporation depends on a combination of factors which
includes pre-treatments of the recipient tissue and the culture conditions. Patnaik
and Khurana (2001) supports that due to its technical simplicity and low cost,
tissue electroporation may become as a routine transformation method (Patnaik
and Khurana, 2001). However, although the technique works in all major cereal
species, the transformation efficiency is not sufficiently high especially for wheat.
One disadvantage of electroporation could be that the target tissue preparation is
critical and the amount of DNA delivery into the target cells is less than that of
particle bombardment (Rakszegi et al., 2001).

1.4.3. Transformation of wheat by microprojectile bombardment

In order to overcome the biological limitations of Agrobacterium and difficulties
associated with regeneration from protoplasts, the idea of introducing DNA into
cells by physical means was developed and extended to the invention of
microprojectile bombardment. Biolistic particle delivery is a mechanical method
of transformation that uses gas pressure to introduce DNA-coated microcarriers
into intact plant cells, tissues, and organs (Rakszegi et al., 2001). It was developed
by Sanford in 1987 (Sanford et al., 1987). The firstly invented types was using gun
powder explosion instead of gas pressure for the acceleration of microcarriers.

DNA is removed from the microcarriers and ultimately inserts itself into the cell’s
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(usually nuclear) genome. Usually, the insertion events are random and
characterized by multiple copies and a certain degree of rearrangements (Jenes et

al., 1993).

After the helium-driven gun (Kikkert, 1993), microprojectile bombardment
method became a widely-used, standard method. The first commercial GM cereal
varieties were produced by microprojectile bombardment method. In wheat,
efficiency of 9.7 % (Zhang et al., 2000) was reported when immature embryos

were transformed.

Initial studies on particle bombardment as a gene delivery method achieved
transient expression of gus gene following bombardment of cell suspensions of T.
monococcum by Wang and co-workers (Wang et al., 1988). Wheat is utilized as a
target tissue for the first time by Londsdale and co-workers (1990) who
transformed mature wheat embryos and showed transient expression of the uidA
gene. In 1991, Vasil and colleagues (Vasil et al., 1991) obtained stably
transformed callus lines that expressed all the marker genes tested (gus, nptll and
EPSPS). In 1992, Vasil’s group (Vasil et al., 1992) obtained first transgenic plants
by particle bombardment of plasmid vector pPBARGUS into long-term regenerable
embryogenic callus and this report is considered to be a milestone in transgenic

wheat research.

The effects of various bombardment parameters like amount of plasmid DNA,
spermidine concentration, acceleration and vacuum pressure, osmotic pretreatment
of target tissues on gene delivery into wheat tissues have been investigated in
detail in the study of Rasco-Gaunt and co-workers (Rasco-Gaunt et al., 1999) who
transformed ten European wheat varieties at different efficiencies ranging from 1
to 17 %. In later studies, it has been shown that the transgenes introduced by
biolistic approach display a considerable degree of stability in integration and
expression in subsequent generations (Altpeter et al., 1996; Srivastava et al.,

1996).
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There are two major requirements for efficient transformation. The first is the
efficient delivery of particles into large numbers of target cells. The second is a
high level of division and regeneration in the targeted cells. In cereals two types of
target systems are used for bombardment. In the first method, primary explants are
bombarded immediately or soon after isolation (Rakszegi et al., 2001). The cells
are induced to become embryogenic and regenerate (Barro et al., 1997). The
second technique uses with pre-established proliferating embryogenic cultures.
Bombardment is followed by further proliferation and regeneration (Vasil et al.,
1992). Modifications to culture procedures, such as the plasmolysis of the tissues
prior to bombardment or culture on high-osmotic media (Finer et al., 1999), help

the targeted tissues to tolerate the damage of the bombardment process.

1.4.4. Agrobacterium-mediated transformation of wheat

Agrobacterium tumefaciens mediated transformation is another possible method
for cereal transformation. Agrobacterium tumefaciens, a soil bacterium, can
genetically transform plant cells with a segment of DNA from tumour-inducing
plasmid (Ti plasmid) with the resultant production of a crown-gall, which is a
plant tumour. Crown gall is a disease that causes considerable damage to perennial
crops. This technique is widely used successfully for most of the dicotyledonous

plants (Rakszegi et al., 2001).

The preferred method of cereal transformation has been the direct transfer of DNA
by biolistic devices, mainly because Agrobacterium mediated gene transfer was
believed to be limited only to dicots (Thomashow et al., 1980). The
Agrobacterium-mediated transformation system offers several advantages

including ;

33



1. highly efficient defined insertion of a discrete segment of DNA into
the recipient genome with fewer rearrangements and in small
number of copies,

il. high co-expression of multiple introduced genes,

iii. simplicity and low cost.

These advantages allow production of plants with simple integration pattern along
with high frequency of stable genomic integration and single-low copy number of
the intact transgene (Rakszegi et al., 2001; Janakiraman et al., 2001; Sahrawat et
al., 2003).

For several years, cerecals were classified as non-hosts for Agrobacterium, as they
were not infected in vivo or in vitro. Recent investigations have shown that
Agrobacterium can attach to cereal cells, that these cells produce factors that
induce Agrobacterium virulence genes (Hoisington et al., 2002). In 1980-90s,
researchers started to re-evaluate the potential of Agrobacterium as a
transformation vector. Initial studies on Agrobacterium mediated transformation of
wheat is performed via Agroinfection and it was demonstrated for the first time
that the soil bacterium can interact with the cells of a monocot plant and transfer
DNA in a limited manner (Woolston et al., 1988; Dale et al., 1989). Agroinfection
is the introduction of viral DNA residing between the T-DNA border sequences of
Agrobacterium into plant cells and provide a suitable system to monitor DNA
delivery into target explants by detection of disease symptoms (Patnaik and

Khurana, 2001).

In 1990, Hess and co-workers reported pipetting Agrobacterium tumefaciens into
spikelets to introduce kanamycin resistance. Although the trait was found to be
inherited, supportive molecular evidence was lacking. The method can be

considered as first report of floral dip method.

34



Mooney and colleagues (1991) reported the first transformation of wheat embryo
cells co-cultivated with Agrobacterium tumefaciens and for the first time
demonstrated that wounding is not necessary for adherence of bacteria to explants
of wheat. Mooney suggested that the increase in adherence of bacteria at the
wound site caused by mechanical and enzymatic treatments. Later, in 1992, Chen
and Dale reported a higher frequency of infection in exposed apical meristems of

dry wheat seeds as compared to intact seeds.

In 1993, Chan and colleagues produced transgenic rice plants by inoculating
immature embryos with Agrobacterium tumefaciens. In 1994, Hiei and co-workers
produced fertile transgenic rice plants. In the following years, efficient methods for
Agrobacterium mediated transformation of rice and maize was reported (Rashid et
al., 1996; Ishida et al., 1996; respectively). Although they utilize super binary
vectors, their studies contributed to better understanding of various parameters
required for successful transformation of cereals via Agrobacterium. In genetic
transformation of cereals, another break through was reported by Tingay and co-
workers (1997) who transformed barley embryos successfully by the utilization of
a non-supervirulent Agrobacterium strain. Their success was achieved by the
incorporation of phenolic compound acetosyringone, which is known to induce
expression of virulence genes located on Ti-plasmid, into the co-cultivation

medium.

First report of stable transformation of wheat by Agrobacterium mediated
transformation released with the study of Cheng and co-workers in 1997. They
also showed the successful transmission of the transgene to the next generation.
This study developed a system for the production of transgenic plants within a
total time of 2.5 to 3 months by co-cultivating freshly isolated immature embryos,
precultured immature embryos and embryogenic calli. Approximately 35% of the
transgenic plants received a single copy of the transgene and one to five copies of
the transgene were integrated into the wheat genome without rearrangement. The

authors also pointed out the importance of the presence of acetosyringone in the
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inoculation and co-cultivation media and also the presence of surfactants in the

inoculation medium (Cheng et al., 1997).

In 1998, McCormac and colleagues reported transformation of wheat via
inoculation of immature embryos with both A. tumefaciens and A. rhizogenes and
demonstrated that anthocyanin-biosynthesis regulatory genes can be used as a
visual marker and as a method for studying the localized transformation events.
The localization of the transformed cells revealed a non-random distribution

throughout each embryo and callus piece.

Also in 1998, Guo and co-workers investigated various factors and reported that
acetosyringone and Agrobacterium strain were vital for achieving high frequency
of transient GUS expression in transformed tissue of wheat. Xia and co-workers,
in 1999, further refined the protocol employed by Guo and produced fertile
transgenic wheat plants at the rate of 3.7-5.9 % by using A. tumefaciens strain
AGLIL

In 2001, Weir and colleagues reported Agrobacterium-mediated transformation of
four varieties of wheat using GFP (green fluorescent protein) as visual marker and
they recovered transgenic wheat plants at a transformation frequency of 1.8 %
(Weir et al., 2001). In the same year, Agrobacterium-mediated transformation of
immature inflorescence tissue was reported by Amoah and colleagues (Amoah et
al., 2001). In this study, transformation efficiency was measured by GUS activity
and optimal T-DNA delivery was achieved in explants precultured for 21 days
and, also, vacuum infiltration and sonication were found to increase the frequency

of GUS expression.
In 2003, Khanna and Daggard produced fertile transgenic wheat plants from

immature embryo derived calli of spring wheat. In this report, authors

demonstrated the superiority of super binary vector over binary vector and the
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positive effect of exogenously applied polyamine spermidine in the recovery of

transformants.

Besides successful reports on transforming wheat by using Agrobacterium, the
induced cellular necrosis upon pathogen infection still stays unsolved as the major
drawback in routine application of Agrobacterium for genetic transformation of
wheat. After pathogen invasion, hypersensitivity response is triggered and induced
cellular necrosis is observed as a typical resistance against further infection of the
pathogen. In 2002, Parrott and co-workers have reported that immature embryos
inoculated with Agrobacterium increased production of H,0,, browned and
displayed altered cell wall composition and higher level of cellular necrosis
leading to cell death (Parrott et al., 2002). They also stated that the reduction of the
O, tension from 7.4 to 2.1 mM during interaction of Agrobacterium with tissues

significantly reduced the extent of embryo and root cell death.

In near future, it can be expected that Agrobacterium will be employed as a
reliable, efficient and economical vector for the introduction of agronomically
important genes provided that Agrobacterium associated cellular necrosis can be
eliminated by the utilization antioxidants during co-culture of tissues with

Agrobacterium, or reduction of oxygen during the plant-bacterium interaction.

1.4.5. Agronomically important genes transferred to wheat

Obtaining successful stable integration of transgenes into wheat genome has
opened doors for incorporation of agronomically important genes in order to
improve wheat quality and yield. These studies are mainly focused on resistance
against biotic and abiotic stresses. Besides these, quality improvement and male
sterility are also targets of wheat improvement. Agronomically important genes

incorporated into wheat via particle bombardment is demonstrated in Table 1.4.
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Table 1.4. Agronomically important genes transferred into wheat

(Adopted from Sahrawat et al.,2002).

T_arget Source of Gene Selectable Phenotype References
tissue the gene marker

IE Barley Coat protein | bar No data on Karunarante
yellow (cp) phenotype etal., 1996
mosaic virus

IE T. aestivum | High bar Accumulation | Altpeter et al.,
L. molecular of glutenin 1996

weight subunit
glutenin 1Ax1
subunit

(1Ax1)

IE T. aestivum | High bar Accumulation | Blechl and

L. molecular of hybrid Anderson,
weight glutenin 1996
glutenin subunit
hybrid
subunits
(Dy10:Dx5)

EC Bacillus Barnase bar Nuclear male Sivamani et
amyloliguef sterility al., 2000
aciens

IE T. aestivum | High bar Increased Barro et al.,
L. molecular dough elasticity | 1997

weight
glutenin
subunits
Dx5, 1Ax1
IE Vitis vinifera | Stilbene pat No data on Leckband and
synthase resitance to Lorz, 1998
(Vstl) fungus
diseases

IE T. aestivum | High bar Accumulation | Blechl et al.,

L. molecular of hybrid 1998
weight glutenin
glutenin subunit
hybrid
subunits
(Dy10:Dx5)
IE Oryza sativa | Rice bar No data on Chen et al.,
chitinase phenotype 1998

EC Hordeum Class II bar Resistance to Bliffeld et al.,

vulgare L. chitinase fungus (E. 1999
(chill) graminis )
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Table 1.4. Continued

1IE 0. sativa Thaumatin- | bar, hpt Resistance to | Chen et al.,
like protein fungus (F. 1999
(tlp), graminearum)
chitinase
(chill)
IE Zea mays Transposase | bar Synthesis of | Stoger et al.,
(Ac) an active 2000
transposase
protein in
transgenic Ac
line

IE T. aestivum | High Increased Rooke et al.,
L. molecular dough 1999

weight strength
glutenin

subunit

(1Dx5)

IE T. aestivum | High bar Increased He et al., 1999

L. molecular dough
weight strength and
glutenin stability
subunits
(1Axx1,
1Dx5)

IE H. vulgare Trypsin bar Resistance to | Altpeter et al.,
L. inhibitor angoumois 1999

(CMe) grain
moth (S.
cerealella)

IE Galanthus- | Agglutinin bar Decreased Stoger et al.,
nivalis (gna) fecundity of 1999
agglutinin aphids
(GNA) (Sitobin

avanae)
IE H. vulgare Chimeric bar Production of | Fettig and Hess,
L. stilbene phytoalexin 1999
synthase resveratrol,
gene (Sts) no data on
resistance to
fungus
diseases
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Table 1.4.

Continued

IE Wheat streak Replicase gene | bar Resistance to | Sivamani et
mosaic virus (NIb) wheat steak al., 2000
mosaic
virus
(WSMV)

IE H. vulgare L. HVAI1 bar Improved Sivamani et
biomass al., 2000
productivity
and
water use
efficiency

IE Monoclonal T84.66 Single bar, hpt | Production of | Stoger et al.,

antibody chain Fv functional 2000
antibody recombinant
(ScFvT84.66) antibody in
the leaves
EC U. maydis Antifungal bar Resistance Clausen et al.,
infecting virus protein (KP4) against 2000
stinking smut

IE A. niger Phytase- bar Accumulation | Brinch-
encoding gene of phytage in | Pedersen et
(PhyA) transgenic al., 2000

seeds

IE H. vulgare L. Ribosome- bar Moderate Bieri et al.,
inactivating resistance to | 2000
protein (RIP) fungal

pathogen E.
graminis
IE Tritordeum, S-adenosyl bar No data on Bieri et al.,
tomato, oat methionine phenotype 2000
decarboxylase
gene
(SAMDC),
arginine
decarboxylase
gene (ADC)

IE T. aestivum L. High molecular Flours with Alvarez et al.,
weight glutenin lower mixing | 2001
subunits time, peak
(1Ax1, 1Dx5) resistance and

sedimentation
volumes
IE Bacterial Bacterial bar No data on Zhang et al.,
ribonulease III, | ribonulease III phenotype 2001
wheat streak (rc70), coat
mosaic virus protein (cp)
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Table 1.4. Continued
IE A. giganteus, H. | Antifungal bar Inhanced Oldach et al.,
vulgare protein afp from fungal 2001
A. giganteus , resistance
a barley class 11
chitinase and
rip [
IE T. aestivum L. FKBP73 bar Alteration in Kurek et al.,
WFKBP77 grain weight | 2002
and
composition
in transgenic
seeds
IE T. aestivum L. High molecular | bar No data on Barro et al.,
weight glutenin phenotype 2002
subunits
(1Ax1, 1Dx5)
IE T. aestivum L. Protein bar Increased Beecher et al.,
(soft wheat) puroindoline friabilin 2002
(PinB-Dla) levels and
decreased
kernel
hardness
EC F. Fusarium bar Increased Okubara et
sporotrichioides | sporotrichioides resistance to al., 2002
gene FHB (F.
graminearum)
(FsTRI101)
IPS Vigna D1-pyrroline-5- | nptll Increased Sawabhel et al.,
aconitifolia carboxylate tolerance to 2002
synthetase salt
(P5CS)
IPS Wheat streak Coat protein bar Various Sivamani et
mosaic virus gene (CP) degree of al., 2002
resistance to
wheat streak
mosaic
virus

Abbreviations: IE, immature embryos; EC, embryogenic callus; IPS, indirect pollen system (in this
system Agrobacterium suspension is pipetted on spikelets just before anthesis); bar |,
phosphinothricin acetyl transferase; nptll , neomycin phosphotransferasell; hpt , hygromycin
phosphotransferase; Dy10, a high molecular weight glutenin subunit (HMW-GS) gene sequence.
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The first report of an agronomically important trait transferred to wheat was
published 1996 by the incorporation of the coat protein of barley yellow mosaic
virus (Karunarante et al., 1996), however, no data on the biological activity of the
recombinant protein was demonstrated. In following years, several studies on
disease resistant was reported. In 1998, Chen and co-workers introduced the rice
class I chitinase gene (chill) into wheat by particle bombardment; however
expression in the progeny was silenced. In 1999, the rice chill and rice thaumatin
like protein gene (tlp) construct were co-transformed in ‘Bobwhite’ wheat plants.
Tlp gene expression was stable in three generations; upon bioassays, delayed
infection of Fusarium graminearum was shown. In the same year, barley seed
class II chitinase gene along with either a ribosome-inactivating protein (rip) gene
or B-1,3-glucanase gene was introduced into Bobwhite wheat by particle
bombardment by Bliffeld and colleagues with stable expression and resistance to
powdery mildew. In 2000, Bieri and co-workers introduced a barley ribosome-
inactivating protein (RIP30) into wheat mediated by particle bombardment and
reported the expression of RIP30 in transgenic wheat plants which resulted in

moderate protection against E. graminis.

Transgenic wheat plants expressing stilbene synthase gene (Leckband and Lorz,
1998), a mutant bacterial ribonuclease III gene (Zhang et al., 2001), antifungal
protein gene KP4 (Clausen et al., 2000), a barley tlp antisense gene (Pellegrineschi
etal., 2001), barley trypsin inhibitor gene (cme) (Altpeter et al., 1999), snowdrop
lectin (Galanthus nivalis agglutinin) GNA gene (Stoger et al., 1999) were reported

along with their resistance against associated pathogens.

The genes encoding for late embryogenesis abundant (LEA) proteins have
attracted researchers for engineering wheat against drought (Sahrawat, 2003). In
2000, the abscisic acid responsive barley gene (HVA 1) which belongs LEA gene
family, was introduced into a spring wheat cultivar by particle bombardment by
Sivamani and colleagues. Tested transgenic lines were found to show

improvement in efficient water usage. Another study for obtaining stress resistant
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transgenic wheat plants employed insertion of Aldose reductase gene, for which

regeneration studies are still going on (Ertugrul, 2002).

Wheat quality improvement studies are mainly focused on increasing gluten
content in order to enhance baking quality. Blechl and Anderson (1996) and
Altpeter and his group (1996) reported the over-expression of high molecular
weight (HMW) glutenin genes in Bobwhite wheat. Both groups showed significant
alteration in the overall dough properties of transgenic seeds. In 1997, Barro and
co-workers transformed two near-isogenic wheat lines with genes for HMW
subunits and improved dough elasticity. In 1999, He and co-workers modified the
quality of pasta making durum wheat with the introduction of high molecular

weight glutenin subunit genes into wheat genome.

High degree of male sterility is required in order to prevent self fertilization and
gene escape. In 1997, De Block and co-workers engineered wheat with nuclear
male sterility. They introduced barnase gene under the control of tapetum specific
promoters from corn and rice into wheat and prevented normal pollen development

as a consequence. Stable transgenic plants were male sterile.

Studies concerning transposon tagging and molecular pharming in wheat have also
been reported (Takumi et al., 1999; Stoger et al., 2000; respectively). Stoger and
co-workers have produced a medically important single chain recombinant
antibody against the carcino-embryonic antigen (CEA) using a biolistic approach

and this is the first report of exploiting transgenic wheat as a bioreactor.

1.5. Aim of the study
For the improvement of wheat cultivars, regeneration and transformation

parameters for the desired explant should be optimized. In order to obtain Turkish

wheat varieties with better characteristics, their behaviors in tissue culture and
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during transformation procedure should be addressed. The main objective of this
study was to optimize regeneration parameters from immature inflorescences of
Turkish bread wheat cultivar Yiiregir which is known to have a high regeneration

capacity. For these reasons, this study was focused on:

i.  the determination of embryogenic capacity and regeneration potential
of different regions of inflorescence tissue,
ii. the demonstration of the effect of dark incubation period on
regeneration potential,
iii.  the correlation of regeneration capacity with other parameters such as
number of shoots, length of leaves, number of spikes, weight and

number of seeds.

This study also aimed to establish an efficient Agrobacterium mediated
transformation protocol for Yiiregir immature inflorescence tissue by monitoring
transient expression of UidA gene. The determination of important parameters such
as explant age, co-cultivation medium, effect of vacuum infiltration was also in the

context of this study.
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CHAPTER I

MATERIALS AND METHODS

2.1. Materials

2.1.1 Plant material

In this study, immature inflorescence of spring bread wheat Triticum aestivum
cultivar Yiiregir-89 was used. The seeds were obtained from Cukurova
Agricultural Research Institute, Adana. Agricultural information on cultivar

Yiiregir was given in Appendix A.

2.1.2. Chemicals

The chemicals used in this study were obtained from Sigma Chemical Company

(N.Y., USA), Merck Chemical Company (Deisenhofen, Deutschland), and

Duchefa (Haarlem, The Netherlands). All of the solutions were prepared by using

distilled water.

2.1.3. Plant Tissue Culture Media

For regeneration studies, two different media were used. For the induction and

maintenance of callus cultures, MS based media containing MS basal salts

(Murashige and Skoog, 1962), 3 % sucrose and 2 mg/L 2,4-dichlorophenoxyacetic
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acid (2,4-D) was utilized. For regeneration medium, half strength MS basal salts
and 3 % sucrose were used. The composition of MS medium is given in Appendix
B. The media were solidified with 0.28 % Phytagel” and their pH were adjusted to
5.7-5.8 with NaOH or HCI. The media were sterilized by autoclaving at 121°C for

20 minutes.

During transformation optimization studies, MMA medium was used for bacterial
inoculation of plants and for rinsing after co-cultivation. It contains MS basal salts
without MS vitamins, 10 mM MES, 2% sucrose and 200uM acetosyringone (pH=
5.6). Cefotaxim (500 mg/L) was added to MMA medium during rinsing process.
During bacterial co-cultivation period, MMD medium which is supplemented with
200uM acetosyringone and 100 mg/L. ascorbic acid was utilized. A modified
version of MMD medium, namely MMM medium, was also used for co-
cultivation purpose. Preconditioning of calli prior to transformation process was
performed on MME medium. Ascorbic acid and antibiotics (Cefotaxim) were
sterilized with 0.2 um pore sized filters and added freshly to sterile medium. The

compositions and usages of plant tissue culture media are given in Table 2.1.

2.1.4. Bacterial Strains and Plasmids

In transformation studies, Agrobacterium tumefaciens strain AGL I containing
pAL154 and pAL156 was used. AGL I is resistant to carbenicillin and the
selectable marker for pAL 154 is nptl. There is no selection for pAL154, since
pAL156 is dependent on pAL154. pAL156 contains GUS and bar genes. The map
of the plasmids is given in Appendix C. The Agrobacterium strain including the
plasmids was donated by Matthew D.Perry and Wendy Harwood from John Innes

Centre. The transfer agreement is given in Appendix D.
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Table 2.1. The compositions and usages of plant tissue culture media.

Name of medium Composition Usage

MS, MS basal salts + 3 9% | Callus induction and
sucrose + 2 mg / L 2,4-D + | maintenance
0.28 % Phytagel
pH=5.8

MS (1/2) %2 MS basal salts + 3 % | Regeneration of wheat
sucrose + 0.28 % Phytagel embryogenic calli
pH=1538

MMA MS basal salts excluding | Bacterial inoculation of
vitamins + 10 mM MES + | explants, elimination of
2 % sucrose Agrobacterium when
pH=5.6 supplemented with

Cefotaxim (500 mg/L)

MMD MS basal salts + 10 mM | Co-cultivation of wheat calli
MES + 3 % sucrose + 1 mg/
L 24D + 200 upM
Acetosyringone + 100 mg
/L Ascorbic acid + 0.28 %
Phytagel
pH=5.6

MMM MS basal salts + 10 mM | Co-cultivation of wheat calli
MES + 3 % sucrose + 0.5
mg/ L 24-D + 200 uM
Acetosyringone + 100 mg
/L Ascorbic acid + 0.28 %
Phytagel
pH=5.0

MME MS basal salts + 3 % | Preconditioning of wheat

sucrose + 1 mg/ L 2,4-D +
100 mg /L Ascorbic acid +
0.28 % Phytagel pH= 5.6

calli prior to transformation
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2.1.5. Bacterial Culture Media

For the growth of AGL I, YEB medium which contains nutrient broth, yeast
extract, sucrose and magnesium sulphate (pH= 7.4) was used (Appendix E). The
media was supplemented with Kanamycin (100 mg / L) and Carbenicillin (200
mg/L). In order to obtain single colonies, same medium with agar (1.5 %) as

solidifying agent was utilized.

During transformation procedure, for the induction of vir genes YEB+MES

medium containing Kanamycin (100 mg / L) and Carbenicillin (200 mg / L), and

20 uM Acetosyringone was utilized (Appendix E).

2.2 Methods

2.2.1 Tissue Culture Studies in Wheat

The effects of dark incubation period and explant region were tested for their

differences in regeneration frequency.

2.2.1.1 Preparation of the plant material

The explants were obtained from wheat plants which were grown in greenhouse.

Yiiregir seeds were planted in soil containing pots. Greenhouse conditions were set

to 25°C and 16/8 day-night photoperiod. The plants were watered regularly.
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2.2.1.2. Isolation of immature inflorescence

For obtaining immature inflorescences in the desired stage, plants were collected
prior to the emergence of flag leaf and this period corresponds to 30-40 days for
Yiiregir. At this time, the stems were harvested and their outer leaves were
removed. 7-8 cm long segment of the stem, which contains the inflorescence in-
between, was taken. This segment was surface sterilized by using 70 % (v/v)
ethanol for 30 seconds and 20 % (v/v) sodium hypochlorite which contains a few
drops of Tween-20 for 20 minutes consequently. Then these explants were rinsed
with sterile distilled water in laminar air flow cabinet. Succeeding treatments were

all performed under sterile conditions in laminar air flow cabinet.

The immature inflorescences were isolated from these sterilized wheat stem
segments by the aid of scalpels fitted with blades and forceps under a
stereomicroscope. The inflorescences were taken out of the inner layers of the
explant by making vertical incisions. It is important to pay attention to prevent any
damages on the inflorescence tissue. The isolated inflorescences were cut into
three pieces and referred to as top, mid and base regions from top of the

inflorescence through the bottom (Figure 2.1.).

Figure 2.1. Immature inflorescence and its regions.
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These pieces were put onto petri plates which contains callus induction medium
(MS;) without altering the regional order. About 21 explants were put onto each
plate. After sealing with stretch film, the plates were incubated in the tissue culture

room at 25°C under dark conditions.

2.2.1.3. Induction and maintenance of callus cultures

The induction and maintenance of callus cultures were conducted on MS; medium.
Since the nutrient and plant growth regulator concentration in the medium
diminishes with time, the calli were subcultured at 3-6 weeks intervals in order to
provide maintenance of callus. During these transfers, top, mid, base regions were

placed carefully for not to change their order.

2.2.1.4. Determination of callus growth rate

For the determination of callus growth rate, calli were transferred to a sterile Petri
dish and the weight of calli present in a plate were measured in aseptic conditions.
Afterwards, callus pieces were re-transferred to callus culture medium. This
measurement was repeated every week for 8 weeks. At the third and sixth weeks,

the medium was refreshed.

2.2.1.5. Determination of the effect of dark incubation period

For the determination of the effect of dark incubation period on regeneration
success, an experiment set up was designed. After 6 weeks of dark incubation,
each callus were cut into two. One piece was put onto callus maintenance medium
and kept at dark as previously while other piece was put onto regeneration medium

and transferred to light. The same procedure was applied to the pieces which were
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kept in callus maintenance medium when they became 9 weeks old (after 3
weeks). The same procedure was repeated with the pieces which were kept at
callus phase when they became 13 weeks old (after 4 weeks). At the 16th week, all
of the calli were taken to regeneration. At the end, regenerated plantlets from
callus cultures of 6 weeks, 9 weeks, 13 weeks and 16 weeks old were obtained

(Figure 2.2).

2.2.1.6. Regeneration of wheat calli via somatic embryogenesis

After dark incubation period, calli were transferred onto Petri dishes containing
regeneration medium (MS) in which strength of basal salts were reduced to half
and 2,4-D was excluded. Root and shoot formation were observed accordingly.
After 4 and 8 weeks data were collected as the number of shoot regenerating
explants and number of root giving explants. For shoot regenerating explants,

number of shoots per each explant was also recorded.

2.2.1.7. Growth of plants to maturity

After 4 or 8 weeks, plantlets were transferred to jars containing regeneration

medium. When plantlets attain a considerable size (lasts nearly 4 weeks), they

were transferred to soil. At this stage, the length of each tiller was measured.

2.2.1.8. Transfer of plantlets to soil

After growing in jars, plantlets were transferred to pots containing soil. The soil

was previously autoclaved and cooled in order to prevent any contamination that

might come through it.
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One half was further One half was put Regeneration data

incubated in MS2 onto MS taken for 6 weeks
(Callus maintenance) (Regeneration) dark incubation
3 WEEKS 9 weeks old calli were cut into two

One half was further One half was put Regeneration data
incubated in MS2 onto MS taken for 9 weeks
(Callus maintenance) (Regeneration) dark incubation

| 13 weeks old calli were cut into two
4 WEEKS ¢

One half was further One half was put Regeneration data
incubated in MS2 onto MS taken for 13 weeks
(Callus maintenance) (Regeneration) dark incubation

3WEEKS | 16 weeks old calli were taken to regeneration

Regeneration data
taken for 16 weeks
dark incubation

Figure 2.2. Schematic representation of experimental design for the determination

of effect of dark incubation period on regeneration success.
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2.2.1.9. Acclimization of plantlets to greenhouse conditions

While their transfer to soil, plants were covered with a plastic bag in order to
maintain a humid environment so that the plants do not sense a great stress after in
vitro conditions. In several day intervals, some openings were made on the plastic

bag in order to make the plant to get used to greenhouse environment gradually.

2.2.1.10. Obtaining seeds

Plants which were acclimized to greenhouse environment were watered regularly.
They were fertilized in two weeks intervals. They grown to maturity and gave
seeds. When the plant became yellow and all seeds were mature, spikes were
collected. The number of spikes for each plant, the number of seeds for each spike

and the weight of each seed were recorded.

2.2.2 Transformation Studies in Wheat

Optimization of transformation of Yiiregir immature inflorescence-based calli with

Agrobacterium tumefaciens AGLI was performed.

2.2.2.1. Preparation of immature inflorescence-based callus cultures

Immature inflorescences were collected, isolated and put onto callus induction

medium as previously mentioned on section 2.2.1.2 and 2.2.1.3. The

inflorescences were kept at MS, media under dark conditions at 25°C and

transformation studies were carried out by using calli at different ages.
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2.2.2.2. Growth of Agrobacterium tumefaciens AGL |

Agrobacterium tumefaciens strain AGL I were grown in liquid YEB medium
supplemented with Kanamycin (100 mg / L) and Carbenicillin (200 mg/ L). Prior
to transformation studies, single colonies were selected from YEB-+agar culture
and inoculated into 5 mL YEB cultures. Liquid bacterial cultures were incubated at

28°C with vigorous shaking (180 rpm) in Gallenkamp shaking incubator.

A liquid aliquot from single colony were stored at -80°C in 80 % glycerol for long

term storage, or at -20°C in 50 % glycerol for short term storage.

2.2.2.3. Agrobacterium-mediated transformation of wheat inflorescence

The utilized Agrobacterium-mediated transformation protocol is adopted from
Mahmoudian et al. (2002) and composed of several stages such as induction of
Agrobacterium vir genes, inoculation of wheat calli with Agrobacterium, co-

cultivation of the bacteria and plant and elimination of Agrobacterium.

2.2.2.3.1. Induction of Agrobacterium vir genes

Since Agrobacterium tumefaciens cannot infect Triticum aestivum in nature, the
bacteria should be induced prior to transformation studies. According to the
method developed by Kapila and co-workers (1997), when bacteria are in log
phase, they were inoculated into YEB+MES medium which is supplemented with
Kanamycin, Carbenicillin and 20uM Acetosyringone as the phenolic compound.
Besides, the pH of the medium was adjusted to 5.6 for further induction of the
bacteria. The growth of the bacteria was monitored by OD measurements with
Shimadzu UV visible spectrophotometer (1240). When the optical density of the

bacterial culture was reached to about 0.8-1.2, the bacteria were collected by
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centrifugation at 1500 g, for 15 minutes. Then for actual activation of the bacterial
vir genes, cells were resuspended in MMA medium which contains 200 uM
acetosyringone until optical density becomes 2.2-2.4. The bacteria were incubated

at MMA medium at 22°C for 1, 1.5, 2 hours in dark conditions.

2.2.2.3.2. Inoculation and co-cultivation of wheat calli with Agrobacterium

During incubation period in MMA medium, the bacteria becomes ready to infect
plant cells. The wheat calli were suspended in bacterial suspension for 1 h. At the
end of inoculation period, explants were taken out and blotted on sterile filter
paper. Next, the explants were co-cultivated in MS;, MMD or MMM medium for
2-4 days in dark conditions.

2.2.2.4. Vacuum infiltration of wheat calli with Agrobacterium suspension

In order to determine the effect of vacuum infiltration on transformation
efficiency, the wheat calli were infiltrated with activated Agrobacterium
suspension at -600 mmHg or -200 mmHg pressure during the bacterial induction
period with occasional shaking. The vacuum infiltration equipment is
demonstrated in Figure 2.3. At the end of the inoculation period, explants were

blotted and transferred to co-cultivation medium.

2.2.2.5 Elimination of Agrobacterium

After co-cultivation period, calli were washed with MMA medium supplemented

with 500 mg/L Cefotaxim for 40 minutes. Then explants were blotted and put onto

MS,; medium for 3-4 days in order to allow for the expression of transformed

genes.
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Figure 2.3. Vacuum infiltration equipment.

2.2.2.6. Histochemical GUS assay

Seven days after transformation, calli were stained with histochemical GUS assay,
according to the method of Jefferson (1987), in order to monitor transient gene
expression. For this assay, explants were put into ImM chromogenic substrate 5-
bromo-4-chloro-3-indolyl-B-p-glucuronic acid (X-gluc) containing GUS substrate
solution (Appendix F) in plastic tubes and they were vacuum infiltrated at -200
mmHg for 2-3 minutes for better absorption of the substrate solution by the plant
tissue. Then, the explants were incubated at 37°C for 2 days. At the end of this
incubation period, the calli were examined under microscope for number of blue
spots or regions. For fixation of the color, the tissue was stored in GUS fixative

solution (Appendix F).
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2.3. Statistical analyses

All of the statistical analyses were carried out by using Minitab software. Analysis
of variance (ANOVA) was used to investigate the relationship between a response
variable and one or more independent variables. Besides ANOVA, Pearson
product moment correlation coefficient was used to measure the degree of linear

relationship between two variables.
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CHAPTER 11

RESULTS AND DISCUSSION

3.1. Regeneration studies

Callus induction and the effect of dark incubation period on regeneration capacity
along with the effect of explant region on regeneration capacity will be

demonstrated in this section.

3.1.1. Callus induction studies

Immature inflorescence of Yiiregir was used as the explant source. The
inflorescences were isolated at the stage when they were 0.5-1.0 mm in length.
This developmental period was found to respond best in forming callus as well as
plantlets at very high frequency by several authors (Sharma et al., 1995; Caswell et
al., 2000).

Callus induction was initiated from tip, mid, base regions of Yiiregir immature
inflorescence in 2 mg/ L 2,4-D. Initially callus growth curve was determined
without discriminating as tip, mid, base for monitoring the trend of growth in order
to be able to compare it with following application of certain chemicals (Figure

3.1).
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Figure 3.1. Callus growth curve obtained without discrimination as tip, mid, base.

In our study, with Yiiregir immature inflorescence, after 1-2 weeks of incubation
at dark, callus formations became visible. Ozias-Atkins and Vasil have indicated in
1982 that the young inflorescence segments callused on MS, only after an
extended lag period with respect to immature embryos. They also indicated that
within a few days, the rachis and bases of the glumes became bright green but
signs of callusing were not evident for two weeks. In this manner, our results seem
to be consistent with the literature. The callus formation and appearance of callus
in different incubation periods are given in Figure 3.2. All of the explants put onto
callus induction medium responded and 100 % callus induction frequency was
obtained. It was observed that there is no difference between different regions of

the immature inflorescence in terms of callus induction.
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Figure 3.2. Callus development from Yiiregir immature inflorescence. A. Freshly
isolated immature inflorescence. B. Yiregir inflorescence after 9 days in callus
induction medium. C. Proliferation of callus is visible in 14 day old callus (4x). D.

Healthy embryogenic callus 24 days (5x).

3.1.2. Effect of explant region and dark incubation period on regeneration

capacity
In order to understand the effect of dark incubation period on regeneration

capacity, calli were incubated for 6 weeks, 9 weeks, 13 weeks and 16 weeks in

dark. For each dark incubation period, there were 3 different types of calli which
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are different in terms of their origin, namely coming from tip, mid, base regions of
the immature inflorescence. During the isolation of immature inflorescences, each
inflorescence could not be isolated in intact form and could not be cut into as tip,
mid, base regions. The calli whose regional origin could not be determined were

named as non-polar throughout the text.

At the end of the dark incubation period, half of each callus was taken to light on
regeneration medium which is free of 2,4-D and contains MS salts in half strength.
Germination of somatic embryos is usually induced on hormone-free culture
medium or medium that contains low levels of an auxin or low levels of both an
auxin and a cytokinin (Carman, 1995). It was also well documented by Vasil and
Vasil (1981, 1982) that lowering of 2,4-D levels results in the organization of
somatic embryos in wheat. The germination of somatic embryos was observed

after transfer to light as illustrated in Figure 3.3.

Figure 3.3. A globular structure on 40 days-old immature inflorescence-derived

callus (magnification: 5x).
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Ozias-Atkins and Vasil have observed formation of discreet nodules prior to
germination of the somatic embryos in immature embryo derived calli (Ozias
Atkins and Vasil, 1982). Later on, trichomes formed on the smooth nodular areas
and they differentiate a leafy structure by the formation of a notch on the surface
of a nodule, and finally the embryo-like structures were observed. In Yiiregir
callus, at the end of 6 weeks period the similar globular structures were observed.
This structures can be interpreted as those “notches” described by Vasil or can be
considered as globular stage which is the first sequential stage of embryo

formation in the somatic embryogenesis process (Figure 3.3, 3.4. and 3.5).

Figure 3.4. The structures shown by arrow might be globular and heart stages of

the somatic embryoid development (6 weeks old, base).
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Figure 3.5. The embryoid structures are also visible in callus which is taken onto

regeneration medium (magnification: 6.5 x, mid).

In 5-10 days after transferred to regeneration medium, the emergence of green
shoots and roots was observed. The appearance of the plantlets is given below in

Figure 3.6 and 3.7.

Figure 3.6. Regeneration from mid (magnification: 1.5x) and base (magnification:

2x) portions respectively, after 8 days on regeneration medium.
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Figure 3.7. Embryoids which are still developing and regenerating from others can

be observed 8 days after taken to regeneration medium.

The calli which are on Petri plates were incubated on regeneration medium for
four weeks. At the end of four weeks, the regenerated plantlets were transferred to
jars containing regeneration medium while non-regenerants were transferred to a
fresh regeneration medium on Petri plates. The illustration of regenerated plantlets

prior to being transferred to jars is given below (Figure 3.8).
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Figure 3.8. Four weeks old plantlets prior to transfer to jars.

For the determination of regeneration capacity, number of shoot regenerating calli
and number of root regenerating calli were recorded. The average shoot number
per callus was also taken as data at the end of 4 weeks of incubation on

regeneration medium (Table 3.1).

Since one of the characteristics of non-embryogenic calli is responding to
regeneration only by rooting (Felfoldi, 1992), rooting data were not used as an
indicator of embryogenic capacity. In order to get embryogenic capacity of calli
upon dark incubation period and explant origin, shooting frequency of each
variable at the end of 4 weeks in regeneration medium was compared. Shooting
frequency is defined as follows:

Shooting frequency = (Number of shoot regenerating calli / Total number of calli)
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Table 3.1. Effect of dark incubation period and explant region on

regeneration parameters. Data were collected at the end of 4 weeks of incubation

on regeneration medium.

Number | Number of | Number of | Average
of callus | root shoot shoot
regenerating | regenerating | number per
calli calli regenerating
callus
6 Tip 37 37 21 3.41 £0.32
WEEKS Mid 37 37 16 3.00 £ 0.43
Base 37 34 21 2.35+0.24
Non-polar 100 100 60 2.98 £0.19
Total/Average 211 208 118 295+0.14
9 Tip 41 41 18 3.20£0.37
WEEKS Mid 31 31 18 2.67 +£0.30
Base 41 40 19 3.18 £0.33
Non-polar 75 75 42 2.75+£0.20
Total/Average 188 187 97 290+0.14
13 Tip 32 30 5 3.0+041
WEEKS Mid 32 32 7 2.71 £0.57
Base 32 30 7 1.33 £0.33
Non-polar 112 107 22 2.94 +0.36
Total/Average 208 199 41 2.63£0.24
16 Tip 6 5 1 1
WEEKS Mid 6 4 2 3.5+£15
Base 13 6 2 45+25
Non-polar 90 86 12 3.14+0.51
Total/Average 115 101 17 3.25+0.52
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The number of explants for tip, mid and base regions of 16 weeks old calli was
much lower than those of other dark incubation periods, thus, 16 weeks data were

not utilized in comparisons of the effect of explant region.

When the shooting frequencies (number of shoot regenerating calli / total number
of calli) of calli in terms of origin of the inflorescence region were compared, it
was observed that there were no significant changes between tip, mid, base and
non-polar origined callus in any of the dark incubation treatments (Figure 3.9.; p =
0.329 for 6 weeks, p= 0.476 for 9 weeks, p= 0.915 for 13 weeks in 95 %
confidence interval). It can be interpreted that the endogenous plant hormones
present in different regions of the immature inflorescence do not show variations
which are sufficient enough to govern different developmental pathways and to
cause different regeneration responses. It can also be concluded that any region of
the immature inflorescence can be safely utilized in subsequent transformation

studies and result in the same regeneration potential.
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Figure 3.9. The comparison of shooting frequencies of tip, mid, base, and non-
polar origined explants under different dark incubation durations.

(Shooting frequency = number of shoot regenerating calli / total number of calli)
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Another comparison can be made between different dark incubation periods.
Regardless of the origin of the explant; no significant difference was observed
between 6 weeks and 9 weeks of dark incubation. However, 13 weeks dark
incubation was significantly different from both 6 weeks and 9 weeks (Figure 3.9).
Similar observation of decrease in regeneration potential with prolonged
incubation in dark was observed in several studies. In a study conducted by
Durusu (2000); the effect of dark incubation period on different Turkish wheat
cultivars, including Yiiregir was well documented. Our findings are consistent
with those results. The reason for the callus to “age” might be due to some changes

in the cellular polyamine concentrations (Khanna and Daggard, 2001).

In some similar studies, researchers also calculate culture efficiency which is
defined as the ratio of the number of shoot regenerating calli to the total number of
explants at initial:

Culture efficiency = (Number of shoot forming calli / Total number of explants)

In our case, since callusing efficiency is 100 %, the shooting frequency is also

equal to the culture efficiency.

The rooting capacities can also be compared in a similar fashion. The rooting
capacities of explants are given as the ratio of root forming calli to total number of
calli. When 13 weeks data were evaluated, the rooting capacity seemed to decrease
with respect to 6 weeks and 9 weeks. For tip explant, the 13 weeks data was not
significantly different from 6 weeks and 9 weeks with p= 0.084 while the
difference in non-polar explants was found to be significant with a p value of
0.019 in 95 % confidence interval. The base was not significantly different from
other treatments in every dark incubation period except 6 weeks dark treatment

(p=0.002) (Figure 3.10).
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Figure 3.10. The comparison of root inductions.

The changes in root induction, in fact, do not make so much sense because some
non-embryogenic calli can produce solely roots but not shoots (Vasil, 1987). Thus,
root induction can not be correlated with embryogenic capacity. Our findings are

also consistent with this fact.

In his report in 1987, Vasil has indicated the fact that many researchers described
the formation of green, leafy structures prior to shoot development. However, from
a developmental point of view leaves are formed only after the organization of a
shoot meristem. According to Vasil, the so called green leaves reported earlier in
immature embryo-derived calli were actually the enlarged scutella which became
green and leafy in precociously germinating somatic embryos. For inflorescence-
derived calli, similar situation might be relevant. Especially in 13 weeks and 16
weeks dark treatments, instead of formation of leaves after 4 weeks in regeneration

medium, some green regions were observed (Figure 3.11). However, those regions
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have not given rise to shoots and the shooting efficiency of prolonged dark

incubation was found lower.

]| YUREGIR INFLORESCENCE |
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;

Figure 3.11. The formation of green regions which do not give rise to shoots

shown in 16 weeks treated calli, with a closer view.

Since all of the calli taken onto regeneration medium do not produce shoots with
the same rate, the differences in shoot number might be different in explants which
regenerated earlier. Also in long term, shoot number can be an important
parameter which contributes to grain yield. As He and Lazzeri stated in 2001, for

the production of sufficient seeds in transgenic cereals, it is desirable to obtain
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multiple tillers from primary transformant (TO) plants. In order to monitor this
situation, the shoot numbers at the end of four weeks in regeneration medium was
taken. The graph for average shoot number at the end of one month is given in
Figure 3.12. The average number of shoots obtained from base region was found
to be significantly different in 6 weeks, 9 weeks, and 13 weeks dark treatments. It
might be due to the differences in the developmental period of the somatic
embryos originated from base region. In fact, the strong inverse relationship
between dark incubation duration and the germination of somatic embryos had
been shown by the changes in shooting frequencies with dark incubation period
and this situation was valid for every explant region (refer to Figure 3.9); however,
the changes in average shoot number with respect to different dark incubation
periods was found to be significant only in base region. Opposite to other explants
with prolonged dark incubation periods not only the regeneration response but also
the parameters which might be related with grain yield is affected in base region.
For base region, nine weeks of dark incubation period seems to be the optimum

duration at which maximum shoot number was obtained.
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Figure 3.12. The comparison of average shoot number per regenerating callus at

the end of 4 weeks.
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It is also possible to pool data from tip, base, mid and non-polar in order to
monitor solely the changes with different dark incubation periods. The changes in
average shoot number without considering the explant region can be interpreted as
such. When only the effect of dark incubation period was considered, no
significant difference was observed in average shoot number as shown in Figure

3.13.

AVERAGE SHOOT NUMBER

3,5 1

4L
2,5 = J_ I

15

Averrage Shoot Number
N

0,5 A

6 WEEKS 9 WEEKS 13 WEEKS 16 WEEKS

Figure 3.13. Average shoot number per regenerating callus by pooled data.

As far as we know, to date only Caswell and co-workers have scored the mean
number of shoots produced by each regenerating inflorescence segment. They
found the mean number of shoots produced by each regenerating explant of all
four cultivars they have tested between 1.0 and 2.0 for all treatments. When it is
compared with our results, Yiiregir inflorescence culture resulted in higher shoot

numbers, around 3, at the end of 4 weeks light incubation period. It can be
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concluded that cultivar Yiiregir is a good explant source and can result in high

yield even at the end of in vitro culture.

The embryogenic capacities of explants, which are given as percentage of shoot
induction, upon different dark incubation periods were given in Figure 3.14 by
using pooled data. It was observed that there was no significant difference between
root inductions of different dark incubation periods, whereas shooting potentials of
13 weeks and 16 weeks of dark incubation period were significantly lower than 6

weeks and 9 weeks of incubation (p=0).
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Figure 3.14. Effect of dark incubation period on shooting and rooting percentages.

According to these results, as time passes the germination potential of the somatic
embryos decreases. In earlier times, there exists some precocious germination of
somatic embryos as indicated in previous studies (Vasil, 1987). With prolonged
incubation in 2,4-D containing medium, the germination of somatic embryos was
suppressed and they lose the embryogenic potential over time. Still, 6 weeks and 9

weeks of dark incubation period seems to be optimum in long term transformation
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studies. In order not to sacrifice from regeneration potential, the selection scheme
of transformants before transferring to regeneration medium should not exceed up

to 13 weeks.

3.1.3. Effect of prolonged incubation on regeneration medium

The regenerated plantlets were transferred to jars while non-regenerated ones were
transferred to fresh regeneration medium on Petri plates and tracked for further 4
weeks. The shoot induction and root induction data were taken as second month
data and cumulatively regeneration frequency of calli were represented in Table

3.2

The reason for the increase in the regeneration capacity of callus might be due to
the differences in the development rate of somatic embryos. In inflorescence
tissue, the development of somatic embryos may still initiate during initial days
following transfer to regeneration medium and thus result in different regeneration
capacities upon time. Ultimately regeneration potential of Yiiregir inflorescence
derived calli was reached to 72.0 %, 64.1%, 26.1 % and 24.3 % for 6, 9, 13, 16
weeks of dark incubation periods, respectively. The comparison of regeneration

potentials of 4 weeks and 8 weeks of incubation on regeneration medium is given

in Table 3.3.
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Table 3.2. Effect on dark incubation period and explant region on

regeneration parameters at the end of 8 weeks.

Number | Number of | Number of | Percent | Percent
of shoot root shoot root
callus regenerating | regenerating | induction | induction
calli calli
6 Tip 36 26 35 72.2 97.2
WEEKS Mid 31 23 31 74.2 100
Base 32 24 32 75 100
Non-polar 101 71 100 70.3 99
Cumulative | 200 144 198 72.0 99
9 Tip 35 20 35 571 100
WEEKS Mid 29 20 29 69 100
Base 36 23 36 63.9 100
Non-polar 78 51 78 65.4 100
Cumulative 178 114 178 64.1 100
13 Tip 28 5 27 17.9 96.4
WEEKS Mid 28 8 28 28.6 100
Base 30 7 27 23.3 90
Non-polar 94 27 91 28.7 96.8
Cumulative | 180 47 173 26.1 96.1
16 Tip 6 1 5 16.6 83.3
WEEKS Mid 6 2 4 333 66.6
Base 13 2 11 154 84.6
Non-polar 49 13 35 26.5 71.4
Cumulative 74 18 55 24.3 74.3
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Table 3.3. The increase in regeneration potential at the end of 8 weeks

4 WEEKS DATA 8 WEEKS DATA

Percent shoot | Percent root | Percent shoot | Percent root
induction induction induction induction
(7o) (%) (%0) (o)

6 WEEKS 559 98.6 72.0 99

9 WEEKS 51.6 99.5 64.1 100

13 WEEKS 19.7 95.7 26.1 96.1

16 WEEKS 14.8 87.8 243 74.3

It is evident that longer regeneration time enhances the shooting response by about
16 % for 6 weeks, 12 % for 9 weeks, 6% for 13 weeks and 10 % for 16 weeks of
dark incubation. For the regeneration of lately developed somatic embryos,
prolonged time in regeneration medium seems to be very important. Its importance
will be more apparent for transformation studies during which longer incubation
periods for selection of transformants might be required either before or after taken
to regeneration. The explants which pass through the transformation process are
more delicate and may require more time for the development of somatic embryos.
Thus, the explants should be kept in regeneration medium even longer than 8

weeks following transformation experiments.

The regeneration frequency of Yiiregir immature inflorescence tissue is pretty high
when compared to other studies. In the report of Redway and co-workers (1990),
immature embryos were found more suitable for regeneration. However, they have
taken the calli to regeneration after 4 weeks of dark incubation. As shown in
previous sections, 4 weeks of dark incubation might not be sufficiently long for the
development of somatic embryos in immature inflorescence-derived cultures

whose growth is known to be slower than immature embryos. In literature, for
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immature inflorescences the regeneration frequencies were found to range between
29 to 100 % (Maddock et al., 1983), 45-80% (He and Lazzeri, 2001). For
immature embryos, regeneration frequencies were found to range 12 % to 96%
(Maddock et al., 1986), 2% to 94% (Fennel et al., 1996), and 60% to 100 % with
overall mean 71.2% (Bomnineni and Jauhar, 1996). For mature embryos, the
regeneration potential were found to range between 26.8 % to 97.8 % (Ozgen et
al., 1996); with mean values as 39 % (Zale et al., 2003), 70.4 % (Ozgen et al.,
1996), 96.1 % (Ozgen et al., 1998). For Turkish cultivars including Yiiregir,
immature inflorescences responded better than immature embryos (Durusu, 2001).
The advantages of using inflorescences over immature embryos are that they
require reduced growth space and save time. Also explant isolation procedures are
less time consuming. Immature inflorescences are primary explants, which are less
likely than cell callus cultures to produce abnormal plants (Barcelo et al., 1994).
Usually, the cultivars used in biotechnology and tissue culture studies do not
posses superior agronomic or quality traits (Zale et al., 2004). Yiiregir is one of the
good cultivars of Turkey which is suitable for climatic conditions of Turkey. When
these positive aspects are considered, Yiiregir immature inflorescence is suggested
as a good candidate in transformation studies for improvement of Turkish wheat

varieties.

3.1.4. Shoot Growth Characteristics
After their transfer to jars, plantlets were grown one more month and then they

were acclimized to soil. The appearance of plants which were acclimized to

greenhouse conditions is shown in Figure 3.15.
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Figure 3.15. Plants transferred to soil and acclimized to greenhouse conditions

(approximately 1 month after transfer to soil).

The plants which are grown in tissue culture conditions are more sensitive to
environmental changes. Thus, the temperature and relative humidity were very
important during the acclimatization process. Although an extensive care was

shown to tissue culture origined plants, some of them were lost during
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acclimatization. Throughout the experiments, the mortality rate did not reach to a
high percentage. The sample size was smaller at later dates as a result of lower

regeneration rates. The number of plants transferred to soil is presented in Table

3.4.

Table 3.4. Number of plants transferred to soil

Number of plants transferred to soil
6 WEEKS Tip 18
Mid 10
Base 9
Non-polar 19
Total 56
9 WEEKS Tip 9
Mid 16
Base 16
Non-polar 7
Total 48
13 WEEKS Tip 5
Mid 5
Base 7
Non-polar 18
Total 35
ALL OVER | TOTAL 139
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During transfer to soil, which corresponds approximately 2 months after the calli
were taken to regeneration, the number of shoots (tillers) originating from single
callus and the length of the longest leaf from each tiller were recorded. Due to the
differences in the germination rate of somatic embryos, the number of tillers
during soil transfer might differ from the number recorded at the end of 4 weeks

on the regeneration medium.

When the average shoot number during soil transfer was considered, 9 weeks dark
incubated tip explant was significantly higher than tip 6 and tip 13 with a p value
of 0.047; however, for mid, base and non-polar explants such a difference was not
detected with respect to dark incubation periods. Average shoot number of tip 9
was also found to be significantly higher than mid 9 (p= 0.020). The comparison

of treatments is shown in Figure 3.16.
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Figure 3.16. Average shoot number during soil transfer.
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In order to detect differences coming only from different dark incubation periods,
the data were pooled and compared accordingly. As shown in Figure 3.17, 9 weeks
dark incubation period results in significantly higher number of tillers from 6
weeks with p = 0.026 but not from 13 weeks. The significance of 9 weeks dark
incubation period might be due to the contribution of higher number of tip 9

explant.
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Figure 3.17. Average shoot number during soil transfer with pooled data.

Another parameter taken during soil transfer along with the number of tillers was
the length of the longest leaf. Besides being an indicator of a healthy plant, the
longer the leaves of a plantlet, the earlier the plant might have been regenerated
from the callus. Thus, the length of the longest leaf at a specific time might be
considered as a regeneration parameter. Total number of tillers and average length

of the longest leaf is demonstrated in Table 3.5.
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Table 3.5. The comparison of treatments in terms of number of tillers and

average length of longest leaf.

Number of tillers

Average length of

longest leaf

6 WEEKS Tip 109 19.0 £ 0.68
Mid 48 20.4+1.18

Base 35 189+1.43

Non-polar 110 21.6 £0.67

Total / Average 303 20.1 £ 0,43

9 WEEKS Tip 77 20.0 £0.71
Mid 106 20.0 +0.70

Base 102 22.0+0.75

Non-polar 53 22.5+1.02

Total / Average 338 21.0+0,39

13 WEEKS Tip 29 18.6 £ 1.91
Mid 41 15.6 +£0.99

Base 31 21.5+£1.21

Non-polar 112 21.7+0.63

Total / Average 213 20,07 £ 0.52

The effect of different dark incubation periods and explant origins can also be
compared in terms of average leaf length during transfer to soil. Accordingly, at 13
weeks of dark incubation period, mid explant differs from base and non-polar
whereas it is same as tip origined calli in terms of average leaf length. Also, mid

explant origined calli resulted in a lower leaf length under 13 weeks of dark

incubation period with respect to 6 weeks and 9 weeks (Figure 3.18).
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Figure 3.18. Average leaf length data.

In order to monitor the differences associated with dark incubation periods, the
data can be pooled and evaluated cumulatively. The comparisons with pooled data
revealed that there is no significant difference between different dark incubation
periods in terms of average leaf length (Figure 3.19). The average leaf length data
during soil transfer shows that at all dark incubation treatments, the explants start
to initial embryo germinations nearly during same times and result in similar

growth patterns once regenerated.
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Figure 3.19. Average leaf length with pooled data.

3.1.5. Spike and Seed Characteristics

Possession of high number of seeds with superior quality is one of the most
important characteristics of a regenerated plant. The appearance of spike

formations in regenerated plants was demonstrated in Figure 3.20.

Figure 3.20. The seed setting of regenerated plants.
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In order to monitor these traits, the number of spikes produced by a single plant
and number of seeds along with their weights were recorded. The data for total

number of spikes and seeds is given in Table 3.6.

Table 3.6. Total number of spikes and seeds.

Total number of Total number of
spikes seeds
6 WEEKS Tip (15 plants) 59 309
Mid (7 plants) 19 178
Base (6 plants) 23 102
Non-polar 54 393
(13 plants)
Total 155 982
9 WEEKS Tip (1 plant) 2 8
Mid (7 plants) 15 42
Base (1 plant) 7 42
Non-polar 5 32
(2 plants)
Total 29 124
13 WEEKS Tip (0 plant) NA NA
Mid (2 plants) 2 4
Base (2 plant) 2 4
Non-polar 5 23
(3 plants)
Total 9 32
OVERALL TOTAL 193 1138
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The spikes were phenotypically normal and they contained seeds. The appearances

of spikes and seeds are illustrated in Figure 3.21.

[ YUREGIR INFLORESCENCE

Figure 3.21. Spike and seed of regenerated plants.

The seed settings of explants originated from different regions and incubated at
different dark incubation periods can also be demonstrated as the average seed

number per spike. The data is shown in Table 3.7.

86



Table 3.7. Average number of seed per spike.

Average number of
seed per spike
6 WEEKS Tip 6.07 £ 1.11
Mid 9.37+1.31
Base 4.39+0.92
Non-polar 7.16 £ 0.61
Average 6.61 + 0.53
9 WEEKS Tip 4.0+1.0
Mid 3.0+0.48
Base 6.0 £ 1.65
Non-polar 6.4+0.93
Average 4.38 £0.55
13 WEEKS Tip NA
Mid 20+1.0
Base 20+1.0
Non-polar 46+1.4
Average 3.44 +0.90

When average seed numbers were compared, there was no significant difference
between different explant regions of 6 weeks dark incubated calli and 13 weeks
dark incubated calli. For 9 weeks dark treatment, mid explants were found to have
lower number of seeds per spike than base and non-polar origined calli (p= 0.032
and p= 0.003 respectively in 95 % confidence interval). When the effect of dark
treatment was considered, bases, non-polars and tips are statistically same at every
dark incubation period; however, mid 6 differs significantly from mid 9 with p=0

and from mid 13 with 0.091. The changes with respect to dark incubation periods
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are demonstrated in Figure 3.22. It was seen that average seed number per spike is

statistically the same in all of the dark incubation periods with p=0.079.

AVERAGE SEED NUMBER PER SPIKE

Average seed number per spike
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Figure 3.22. Average seed number per spike with pooled data.

Besides the number of seeds present in a spike, their quality is also very important.
One of the first parameter associated with seed quality is its weight. Since the
number and weight of the seeds are one of the traits that determine the grain yield
and usually the ultimate goal in wheat production, the regenerated plants are

desired to be as good as counterparts which are not originating from tissue culture.

The average weights of 1000 seeds of regenerated plants change between 26.19,
23.39, and 17.01 at 6 weeks, 9 weeks, and 13 weeks of dark incubation period,
respectively (Table 3.8). Yiiregir seeds which are grown in pots under the same

conditions with the regenerated plants were used as control. The average weight of

88



1000 seed of control plants was found as 18.8 (n= 141). In literature, 1000 seed
weight of Yiiregir was declared as 45-50 g (Cukurova Institute for Agricultural
Research, 1992). Our findings from regenerated plants, in fact, should not be
thought as deviating from the literature value which is given as the value obtained
in field trials. In greenhouse conditions where the plants are grown in pots, it is

expected to obtain grain yield lower than field values.

Table 3.8. Average seed weight

n Average weight
of 1000 seeds (g)
6 WEEKS Tip 295 245+0.5
Mid 170 28.3+£0.6
Base 57 28.7+1.1
Non-polar 287 27.3+0.6
Total 809 26.19 +0.38
9 WEEKS Tip 8 384+0.2
Mid 44 22.0+1.5
Base 42 25.1+£1.0
Non-polar 28 188+1.3
Total 122 23.39+0.84
13 WEEKS Tip NA NA
Mid 3 156 +1.8
Base NA NA
Non-polar 16 17.3+0.9
Total 19 17.01+0.78
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It is also possible to compare the effect of explant origin and dark incubation
period in terms of seed weight as shown in Figure 3.23. Since number of seeds for
13 weeks treatment was very low, only 6 weeks and 9 weeks dark incubation
periods were compared in terms of seed weight. When origin of the explant was
considered, in 6 weeks dark incubation period, tip 6 differs from mid 6 and base 6
significantly with p= 0 and p= 0.001 respectively while it is same with non-polar
6. Tip 9 is significantly higher than others with p=0. It is also possible to compare
same group of explants with respect to their dark incubation periods. Tip 6 and tip
9 are significantly different from each other. Also, mid 6 is significantly different

than mid 9 and mid 13 with p=0 and p=0.00, respectively.
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Figure 3.23. Seed weight comparison.
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When average seed weights were compared with pooled data, it can be seen that as
dark incubation period increases, the seed weight value decreases (p=0, Figure
3.24). Although it might be originated from the insufficient number of seeds
especially for 13 weeks of dark incubation (n = 809 for 6 weeks, n= 122 for 9
weeks, and n= 19 for 13 weeks), the trend was found to be significant according to
statistical analysis. In this case, it can be concluded that the dark incubation period
should not increase 6 weeks in order to obtain high yield and the selection scheme

in transformation studies should be constructed accordingly.
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Figure 3.24. Average seed weight by using pooled data.

3.1.6. Correlation between regeneration parameters
The correlations between different regeneration parameters were measured by

using Pearson product moment correlation coefficient which is used to measure the

degree of linear relationship between two variables. The correlation coefficient
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assumes a value between -1 and +1. If one variable tends to increase as the other
decreases, the correlation coefficient is negative. Conversely, if the two variables

tend to increase together the correlation coefficient is positive.

Correlation analysis can be performed with data for tip, mid and base in order to
monitor any correlations associated with different explant origins. The trend in the
changes of responses with different dark incubation periods was tried to be
correlated. As shown in Table 3.9, 3.10, and 3.11; no significant relationship was
detected between any of the parameters. For tip explant, due to the lack of data,
correlation coefficients for seed number per spike and seed weight could not be
determined. Some of the parameters such as leaf length, seed number per spike,
seed weight seem to have a negative correlation with shoot number during soil
transfer. Such a behavior might be meaningful due to the lack of resources and
competition between tillers; however, since the linear correlation is insignificant,

no comments should be added.

Table 3.9. Correlation coefficients of regeneration parameters of tip explants

TIP Shoot Shoot number | Shoot number
induction | (4weeks) (soil transfer)

Seed number per spike 0.931

p value 0.238

Shoot number (soil transfer) 0.378 0.014

p value 0.753 0.991

Leaf length (soil transfer) 0.464 0.109 0.995

p value 0.693 0.931 0.061
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Table 3.10. Correlation coefficients of regeneration parameters of mid

explants.

MID Shoot Shoot Shoot Leaf Seed
induction | number number | length number
(4weeks) | (4weeks) (soil (soil per

transfer) | transfer) | spike

Shoot number 0.957

(4weeks)

p value 0.188

Shoot number | -0.451 -0.691

(soil transfer)

p value 0.702 0.514

Leaf length 0.882 0.981 -0.818

(soil transfer)

p value 0.312 0.124 0.39

Seed  number 0.227 0.501 -0.972 0.659

per spike

p value 0.854 0.666 0.152 0.542

Seed weight 0.588 0.798 -0.987 0.899 0.922

p value 0.6 0.412 0.102 0.288 0.254
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Table 3.11. Correlation coefficients of regeneration parameters of base

explants.

BASE Shoot Shoot Shoot Leaf Seed
induction | number number | length number
(4weeks) | (4weeks) (soil (soil per

transfer) | transfer) | spike

Shoot number 0.64

(4weeks)

p value 0.558

Shoot number | -0.182 0.639

(soil transfer)

p value 0.883 0.559

Leaf length -0.633 0.19 0.877

(soil transfer)

p value 0.564 0.878 0.32

Seed  number 0.76 0.986 0.5 0.021

per spike

p value 0.45 0.108 0.667 0.987

Seed weight 1 0.626 -0.2 -0.647 0.749

p value 0.011 0.569 0.872 0.552 0.461

Correlation of different parameters of pooled data according to the trend in their
changes with respect to different dark incubation periods, namely 6 weeks, 9

weeks, 13 weeks, was demonstrated in Table 3.12.
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Table 3.12. Correlation of different parameters with pooled data.

Shoot Shoot Shoot Shoot Leaf Seed
induction induction | number number length number
(4 weeks) (8 weeks) | (4weeks) | (soil (soil per
transfer) | transfer) | spike

Shoot 0.999*

induction (8

weeks)

p value 0.034

Shoot 1* 1*

number

(4weeks)

p value 0.019 0.014

Shoot 0.152 0.1 0.122

number (soil

transfer)

p value 0.903 0.936 0.922

Leaf 0.456 0.408 0.429 0.949

length

(soil

transfer)

p value 0.699 0.732 0.718 0.204

Seed number 0.799 0.829 0.817 -0.473 -0.172

per spike

p value 0.411 0.377 0.392 0.686 0.89

Seed weight 0.981 0.99 0.987 -0.041 0.276 0.899

p value 0.123 0.089 0.104 0.974 0.822 0.288

p values smaller than a

0.05 are highlighted and significant correlation

coefficients are indicated with (*).
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In the table, the significant correlations were designated with a star. Accordingly,
shoot induction values, in terms of shooting frequency, measured at the end of 4
weeks and 8 weeks were found to be significantly correlated positively. As such,
the shoot number at the end of 4 weeks was strongly correlated in a positive
manner with shooting induction values of 4 weeks and 8 weeks. Other parameters,
except seed weight, seem to have a positive correlation; however, they were not
significant. Finding insignificant correlations between different parameters do not
indicate that there is no correlation at all. Since Pearson product test only measures
linear relationships, non-linear relationships between different parameters could
not be detected, if there is any. In order to find out these relationships, some other
analysis including modeling can be performed, which is beyond the scope of this

work.

3.2. Agrobacterium Mediated Transformation Studies

3.2.1. Effect of co-cultivation medium on transformation efficiency

The preliminary studies on transformation of wheat inflorescence with
Agrobacterium tumefaciens AGL I were performed on wheat inflorescence which
have been kept at callus induction medium for 1, 17, 18, 29, and 37 days.
Following transformation process, calli were co-cultivated with the bacteria on
MS,; medium which contains MS salts and 2 mg/L 2,4-D. At the end of co-
cultivation period, histochemical GUS assay was performed and no blue points
were detected on explants which were kept on MS, for 1, 17, 18, and 37 days.
Only a few blue regions which were very faint were detected with 29 days old calli

as shown in Figure 3.25.
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Figure 3.25. Fair blue regions on 29d. old calli co-cultivated on MS; medium.

Following these unsuccessful results, some revisions on transformation procedure
were considered. Explants, except 29 days old calli, had been rinsed prior to co-
cultivation. In subsequent transformation trials, rinsing step was eliminated and
calli were just blotted on sterile filter paper and placed on co-cultivation medium.
For better expression of the inserted uidA gene, after 3 days of co-cultivation, the
calli were considered to be further incubated in subsequent transformation

experiments.

In order to get an enhanced transformation procedure, an enriched co-cultivation
medium was designed. It is known after the report of Tingay and co-workers
(1997), who demonstrated successful transformation of barley embryos by a non-
supervirulent Agrobacterium strain, that inclusion of acetosyringone into co-
cultivation medium is very important for the induction of bacterial vir genes
especially for cereals which are known to be inferior in terms of secreting phenolic
compounds. Based on this knowledge, 200 uM acetosyringone was supplemented
into co-cultivation medium. Another known phenomenon in transformation of
cereals by Agrobacterium tumefaciens is the activation of systemic
hypersensitivity response and release of hydrogen peroxide which cause necrosis
and cell death (Parrott et al., 2002). Ascorbic acid, at 100 mg /L concentration,

was added into the medium in order to relieve these symptoms.
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First positive signs of transient GUS expression were obtained after utilization of
MMD medium in 3 days of co-cultivation period (Figure 3.26). In the figure, the
control plants are also shown. They were treated in the same way as the
transformed ones except during the bacterial incubation period, they were treated
only with MMA medium devoid of Agrobacterium. According to these positive
signs, it can be concluded that incorporation of phenolic compound acetosyringone

and ascorbic acid was essential for successful transformation studies.

Figure 3.26. Above: Control explants are shown. Below: Transient uidA

expression after using MMD medium for co-cultivation (29 days old calli)
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Besides the positive effects of acetosyringone and ascorbic acid; the reason for not
obtaining successful transformants might be the presence of 2,4-D. There might be
some negative effects associated with 2,4-D on induction of bacterial vir genes or
on the activity of enzymes synthesized by these genes. After several
transformation experiments, in order to minimize the possible negative effects of
2,4-D, MMD medium was further modified. The 2,4-D concentration on the
medium was decreased to 0.5 mg /L (from 1 mg/ L) and pH of the medium was
decreased to 5.0 for better action of bacteria. The novel medium was designated as
MMM. Promising results were obtained by the utilization of MMM medium (data

are given in following sections).

3.2.2. Effect of callus age on transient GUS expression

Agrobacterium-mediated transformation has two biological components;
parameters associated with bacterial counterpart and with plant system. Thus,
besides optimization the conditions for the bacteria; the physiological condition of
the explant has equal importance. The age of the explant is one of the most

important determinants which alter the physiological situation of the explant.

Transformation studies were conducted with 1 day old inflorescence and 9, 15, 21,
28, 29, 30, 32, 60, 66 days old calli (Table 3.13). 28-29 days were found to be the
period during which plant cells are receptive to Agrobacterium infection. Cells can
be more prone to transformation not only due to their competence in terms of
physiological situation at that developmental stage, but also due to their ability to
better cope with the hypersensitivity response when compared to younger explants.
The extensive necrosis observed in one day old calli is due to higher surface area
to volume ratio of these explants (Figure 3.27). In this manner, using immature
inflorescence derived calli rather than freshly isolated immature inflorescence
seems to be wiser. In the study of Amoah and co-workers, the optimum age of

inflorescence derived calli was found as 21 days (Amoah et al., 2001). The
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difference of our findings with theirs is understandable due to genotypic

differences resulting from utilization of different cultivars.

Table 3.13. GUS Frequency with respect to callus age.

DAYS IN CALLUS GUS EXPRESSION GUS EXPRESSION
INDUCTION FREQUENCY* FREQUENCY
MEDIUM (only fine blue regions are
considered)
1 day 4/32 ** 0
9 days 0 0
15 days 0/57 0
21 days 1/40 1/40
28 days 10/60 1/60
28 days 1/35 0
29 days 5/50 3/50
30 days 3/70 0
60 days 0/10 0
66 days 0 0

(*) Frequency is given as number of GUS expressing explants over total

number of explants.

(**)MMM medium was used. In all other transformation experiments, MMD

medium was utilized.
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Figure 3.27. Extensive necrosis observed in one day old calli co-cultivated on

MMD medium.

3.2.3. Effect of bacterial incubation period

In the utilized transformation procedure, bacteria were centrifuged and re-
suspended in MMA medium and incubated for 1 hour at 22°C prior to plant-
bacteria encounter. It was thought that the bacterial enzymes which are active
during transformation process might not be ready exactly at the end of the 1 h
incubation period. Thus, 1.5 h and 2 h incubation durations were also tested. For
other species, this period may not be important because during co-cultivation,
active bacteria will have opportunity to transfer its DNA. However, since
Agrobacterium-associated hypersensitivity response is a very big problem in
cereals, during the point at which explant is met with bacterial cells, the bacteria

should be in its most active and ready state.

Transformation experiments were conducted with 29 days old calli and as the co-
cultivation medium, MMM was utilized. At the end of histochemical GUS assay,
very distinct blue regions were obtained (Figure 3.28). Transformation frequencies

at different bacterial incubation periods are given in Table 3.14.
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Figure 3.28. GUS expression in 1 h, 1.5 h, and 2 h bacterial induction periods,

respectively in A,B,C.

Table 3.14. Effect of bacterial incubation duration

BACTERIAL GUS EXPRESSION GUS EXPRESSION
INCUBATION FREQUENCY FREQUENCY
DURATION (only fine blue regions
are considered)
lh 21/69 7/69
1.5h 12/90 7/90
2h 1/56 1/56

As shown in Figure 3.29, 1 h of bacterial incubation duration seems to be most
efficient in terms of transient GUS expression. 1 h of bacterial incubation duration
results in higher GUS expression frequency than 1.5 h and 2 h, by p=0.008 and p=
0 respectively. When frequency of GUS expression based on only the distinct blue
regions was considered, the mean frequencies were found to be 0.1014, 0.0778,
0.0179 respectively for 1 h, 1.5 h and 2 hours of bacterial incubation period. In this

case, frequencies do not differ significantly.

102




EFFECT OF BACTERIAL INCUBATION
DURATION

_g 0,4 .

>
» O 0,3 T
g 5
g- g 0,2 T
w o
(g Lt 0,1 N J‘
O 0

1h 15h 2h

Figure 3.29. Effect of bacterial incubation duration on GUS expression.

3.2.4. Effect of preconditioning

In order to increase transformation efficiency, immature inflorescence derived
callus was preconditioned for 2 days prior to transformation process.
Preconditioning was performed on MS medium which is supplemented with 100
mg/L ascorbic acid and 1 mg /L 2,4-D. The objective of preconditioning was to
prepare the explants for transformation by familiarizing them with ascorbic acid

which is also the component of co-cultivation medium.

In contrast to our expectations, GUS expression frequency was dramatically
decreased upon preconditioning (Figure 3.30, data are shown on Table 3.15).
Incorporation of ascorbic acid might alter the receptivity of explants. Also lowered
concentration of 2,4-D which hampers the physiological state of the explant
against Agrobacterium transformation might be a possible reason for decreased

GUS expression frequency.
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Figure 3.30. Faint blue regions obtained from preconditioned explants.

Table 3.15. Effect of preconditioning

TRIALS* GUS EXPRESSION GUS EXPRESSION
FREQUENCY FREQUENCY
(only fine blue regions are
considered)
Set 1 1/73 0/73
Set 2 2/169 0/169

* Bacterial induction period was 1 h, the calli were co-cultivated on MMM

medium.

3.2.5. Effect of vacuum infiltration

All of the data presented until now had been coupled with 600 mmHg vacuum

infiltration. In order to determine if this application enhances transformation

frequency or it has adverse effects on transformation, transformation experiments

without any vacuum infiltration treatment and under 200 mmHg vacuum were

performed. The obtained data were shown in Table 3.16.

104




Table 3.16. GUS expression data for no vacuum infiltration and 200 mmHg

vacuum infiltration

VACUUM GUS EXPRESSION GUS EXPRESSION
INFILTRATION FREQUENCY FREQUENCY
(only fine blue regions
are considered)
0 mmHg, set 1 16/75 6/75
0 mmHg, set 2 12/96 7/96
200 mmHg, set 1 15/86 1/86
200 mmHg, set 2 83/118 22/118

The GUS expression frequencies of no vacuum infiltration treatment and 200
mmHg vacuum infiltration were compared with that of 600 mmHg vacuum
infiltration for which GUS expression frequency was 21/69, and 7 out of 21 were
well-defined distinct blue regions. According to this comparison, application of
vacuum infiltration at 600mmHg was found to increase transient UIdA expression
from 16 % to 30 % significantly with a p value of 0.014. On the other hand
application of a milder vacuum infiltration at 200 mmHg, resulted in even higher
GUS expression frequency with a value of 48 % (p=0, Figure 3.31). The reason for
obtaining higher GUS expression frequency at -200 mmHg pressure than -600
mmHg pressure may be due to the damage on the plant cells associated with

vacuum infiltration process.
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Figure 3.31. Effect of no vacuum infiltration on GUS expression.

When comparisons were performed with the frequency depending only on fine
blue regions, the frequency for 0 mmHg was 0.0760; for 200 mmHg frequency
was 0.1127 while the frequency for 600 mmHg vacuum infiltration was found to

be 0.1014. However, there was no significant difference between them (p= 0.485).

Vacuum infiltration is an effective protocol which alters GUS expression. For
example, for lentil, application of vacuum infiltration of A. tumefaciens cells at
200 mmHg for 20 minutes was demonstrated to yield the highest transient GUS
expression in lentil (Mahmoudian et al., 2002). Obtaining higher GUS expression
frequencies with application of vacuum infiltration is also consistent with the
findings of Amoah and co-workers (2001), who have reported that vacuum
infiltration at 750 mmHg increases levels of GUS expression in immature

inflorescence derived calli.

For no vacuum infiltration treatment, although frequency was low, the blue color

intensity of the GUS expressing explants was satisfactory as shown below (Figure
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3.32). The appearance of 200 mmHg vacuum infiltrated explants was shown in

Figure 3.33. The expression of the inserted gene seems very promising.

Figure 3.32. Transient GUS expression on explants which are not vacuum

infiltrated.

Figure 3.33. Transient GUS expression upon 200 mmHg vacuum infiltration.
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Although very distinct GUS expressions were obtained in most of the trials with
MMM medium, hypersensitivity associated necrosis still persisted as a big
problem. The appearances of explants suffering these symptoms are shown in
Figure 3.34. In order to obtain increased transformation efficiencies, strategies
focusing in relieving these symptoms should be employed. Utilization of
antinecrotic agents such as ascorbic acid and cysteine along with silver nitrate

which can also prevent ethylene associated symptoms can be suggested.

Figure 3.34. Necrosis induced upon transformation procedure.

3.2.6. Determination of selection scheme

Besides having an effective gene delivery system, efficient selection for the
transformed cells is extremely important. The plant selection associated with the
incorporated gene is bar which encodes phosphinothricin acetyl transferase (PAT)
and confers resistance to phosphinothricin (PPT) and glufosinate ammonium.
Thus, PPT was used as the plant selection agent. In order to determine the
optimum concentration of PPT for selecting just the transformed ones but not non-

transformants, the growth of wheat calli on 0, 3, 6, 10 mg/LL PPT was monitored.
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35 days old non-transformed calli, which corresponds approximately to the end of
co-cultivation duration, were transferred to PPT containing MS, medium and their
weight was recorded weekly. The percent changes in callus weight upon different
concentrations of PPT applications were demonstrated in Figure 3.35. The

appearance of calli was shown in Figure 3.36.
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Figure 3.35. Percent changes in callus weight upon PPT application (n=12).

Figure 3.36. A. The appearance of calli at the beginning of PPT experiment. B.
Control and 3 PPT application at the end of 5 weeks.
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From the graph, it can be seen that even with 3 mg/L PPT application callus
growth was retarded with respect to control group. At the end of 4 weeks, the
cease in growth was more apparent with 10 mg/ L PPT application. According to
these results, when constructing selection scheme for Yiiregir callus, it seems wise
to start with 3 mg/LL PPT and increase the selection pressure up to 10 mg/L by

time.

Transformed calli from one of the sets of 29 days old calli co-cultivated on MMM
medium was put onto 3 mg/L PPT, 100 mg/L Cefotaxim containing medium.
Cefotaxim was used to eliminate the growth of Agrobacterium in the medium. The

studies for obtaining stable transformants are still on progress.

Although stable transformants have not obtained yet, current results indicate that
even up to 70 % transient gene expression frequency was observed by the
optimized protocol (1 h bacterial incubation duration, 200 mmHg vacuum
infiltration, MMM co-cultivation medium). According to the literature, by using
Agrobacterium mediated transformation, transient GUS expression frequency was
found between 35 % and 65 % in immature embryo derived calli (Khanna and
Daggard, 2003), 52.4 % transient GUS activity was reported by Guo and co-
workers (1998) with suspension culture derived calli, and a peak value of 76%
GUS expression frequency was obtained with 21 day old calli of immature
inflorescence (Amoabh et al., 2001). It can be said that by using the Turkish wheat
cultivar Yiiregir 89, satisfactory GUS expression frequencies comparable to the

literature values were obtained.
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CHAPTER IV

CONCLUSION

In this study, the regeneration parameters of immature inflorescence based cultures

of Turkish bread wheat cultivar Yiiregir were optimized. The embryogenic

capacity and regeneration potential of different regions of inflorescence tissue and

the effect of dark incubation period on regeneration potential were documented.

Every region of immature inflorescence, namely tip, mid, base, had 100 %
callus formation frequency and no difference between different regions of

the immature inflorescence in terms of callus induction was observed.

There were no significant changes between tip, mid, and base regions in
terms of shoot induction. It can also be concluded that any region of the
immature inflorescence can be safely utilized in subsequent transformation

studies.

Prolonged dark incubation period decreased regeneration potential. The
regeneration potential of 13 weeks and 16 weeks dark incubated explants
were found to be significantly lower than that of 6 weeks and 9 weeks. Six
weeks and 9 weeks of dark incubation period seems to be optimum in long

term transformation studies.

It is evident that longer regeneration time enhances the shooting response.

The regeneration potential of Yiiregir inflorescence derived calli was

111



determined as 72.0 %, 64.1%, 26.1 % and 24.3 % for 6, 9, 13, 16 weeks of

dark incubation periods, respectively.

The regeneration of plants from immature inflorescences within 180-260
days is possible. The spikes were phenotypically normal and they produced

seeds.

The shoot number at the end of 4 weeks was found linearly correlated in a
positive manner with shoot induction values. No linear correlation was

detected between other regeneration parameters.

Along with these regeneration parameters, due to the less time consuming nature

of inflorescences during isolation, reduced growth space and time requirements;

Yiiregir immature inflorescence is suggested as a good candidate in transformation

studies for improvement of Turkish wheat varieties.

Besides regeneration parameters, Agrobacterium mediated transformation protocol

for Yiiregir immature inflorescence tissue was also optimized by monitoring

transient expression of UidA gene.

It can be concluded that incorporation of phenolic compound
acetosyringone and ascorbic acid in the co-cultivation medium was
essential for successful transformation studies. Better results were obtained

with reduced pH (pH=5.0).

The age of the explant has a paramount importance in transformation
success. 3-4 weeks old callus was found to be more receptive to
Agrobacterium mediated transformation. Using immature inflorescence
derived calli rather than freshly isolated immature inflorescence seems to

be wiser.
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e Vacuum infiltration positively affected the transient expression of uidA

gene and 200 mmHg vacuum application was found to yield better results.

e When constructing selection scheme for Yiiregir calli, it is suggested to
start with 3 mg/L PPT and increase the selection pressure up to 10 mg/L by

time.

e Agrobacterium associated cell necrosis is still a problem in transformation
procedure. In order to obtain increased transformation efficiencies,

strategies focusing in relieving these symptoms should be employed.

As the first application of Agrobacterium mediated transformation methodology to
a Turkish wheat cultivar, in long term, the findings of this study is aimed to be
used for enlightening our understanding of Agrobacterium mediated
transformation in cereals and for obtaining fertile transgenic wheat plants

possessing agronomically important genes.
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APPENDIX A

INFORMATION ON YUREGIR-89

The agronomic information of cultivar Yiiregir-89 is summarized in Farmer’s

booklet of Cukurova Agricultural Research Institute (1992).

YUREGIR - 89
- Ekmeklik, orta erkenci bir cesittir.

- Gukurova Tarimsal Arastirma Enstitisd
tarafindan geligtirilmigtir.

- Kiga ve kuraga orta derecede dayanikhdir.

- Bitki boyu 90-100 cm olup, yatmaya
dayanikhdir.

Basaklan yan yatik, seyrek ve beyaz renklidir.

Kahverengi ve sari pasa orta derecede
dayanikhidir.

- 1000 dane agirhd 45-50 gr. civanndadir.
Dane beyaz renkli ve ovaldir.
- Ekmeklik kalitesi iyi ve yiiksek verimli bir gesittir.

- Ege ve Akdeniz sahil kusagina énerilmektedir.
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APPENDIX B

COMPOSITION OF PLANT TISSUE CULTURE MEDIA

COMPONENT mg /L
Ammonium nitrate 650.0
Boric acid 6.2
Calciumchloride anhydrous 332.2
Cobalt chloride. 6H,O 0.025
Cupric sulfate. 5 HO 0.025
Na, EDTA 37.26
Ferrous sulfate. 7 H,O 27.8
Magnesium sulfate 180.7
Manganase sulfate. H,O 16.9
Molybdic acid (sodium salt). HO 0.25
Potassium iodide 0.83
Potassium nitrate 1900.0
Potassiumphosphate monobasic 170.0
Zinc sulfate. 7 H,O 8.6
Organics
Glycine (free base) 2.0
Myo-inositol 100.0
Nicotinic acid (free acid) 0.5
Pyridoxine. HCI1 0.5
Thiamine. HCI 0.1

4.4 g of powder is utilized to prepare 1 L of medium.
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APPENDIX C

PLASMID MAPS
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APPENDIX D

TRANSFER AGREEMENT
FOR THE PLASMIDS AND BACTERIA

MATERIAL TRANSFER AGREEMENT
FOR RESEARCH-ONLY PURPOSES

Huseyin Avni Oktem, an employee of Department of Biological Sciences, Middle East
Technical University, 06531 Ankara, Turkey, (‘the Recipient’) wishes to obtain certain
tangible materials and/or information from Wendy Harwood & Matthew Perry of the John
Innes Centre as described on the reverse side (‘the Materials') for the sole purpose of
conducting the research specified on the reverse side (‘the Research’). The Recipient
acknowledges that all rights to the Materials, whether directly or indirectly enclosed therein
as well as extracts, replications, summaries, or derivatives thereof, are the sole property of the
John Innes Centre, Norwich Research Park, Colney, Norwich, NR4 7UH, UK ('JTIC") and
warrants not to use the Materials for any form of commercial exploitation howsoever.

‘This Material Transfer Agreement does not imply any direct or indirect license or warranty
whatsoever with regards to the Material and use thereof nor does it guarantee not 1o infringe
on any rights or claims from third parties with regards to the Material or the Material’s
suitability, novelty or safety for any purpose whatsoever. In consideration for JIC providing
the Recipient access to the Materials and the right to utilise them for the Research, the
Recipient agrees to the following conditions:

1. Not to transfer or distribute any part of the Materials or any extracts, replications,
summaries, or derivatives thereof to any third party howsoever.

2. Not to use any part of the Materials or any extracts, replications, summaries, or
derivatives thereof for any other purpose than the Research.

3. Not to disclose any information whatsoever with regards to the Material and use

thereof, without the prior written approval of JIC.

4. To acknowledge the contribution of [Wendy Harwood & Matthew Perry / JIC / the
Biotechnology and Biological Sciences Research Council (BBSRC)] in any
publication that may result from use of the Materials.

5: To hold harmless JIC and its governors, officers, employees and agents from any and

all liabilities or claims brought by third parties resulting from the transfer to and use of

the Materials by the Recipient.

This Agreement is personal to the Recipient and not capable of assignment.

7. This Agreement is subject to English Law and exclusive interpretation by the English
Courts

o

Please, have (an) authorized officer(s) of the Middle East Technical University signify the
Recipients acceptance of the above by signing and dating two copies of this Agreement and
return both copies to Mary Anderson, Contracts Manager, John Innes Centre, Norwich
Research Park, Colney, Norwich, NR4 7UH, UK. Upon receipt of two completed and
executed copies of this Agreement the Materials will be then be sent to the Recipient.
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APPENDIX D, CONTINUED

On behalf of and for Huseyin Avni Oktem

Middle East Technical University )5

Date: 4 : A Date: Mot 25,2003

Signaturc:%% ..................................... v ......... {/ W ................

" ) s A

Name (print): <4220z .7 & Aot ccvcrreveveernn JHUsSeyin. AR KTEM.........

Title: PR BR..., VR = ORI O /o7 s | PR
LIST OF THE MATERIALS

Plasmid pAL156, developed in the Crop Genetics department by D. Lonsdale.
PAL156 is an Agrobacterium tumefaciens binary vector carrying the BAR selectable marker
and the GUS reporter genes.

Plasmid pAL154, developed in the Crop Genetics department by D. Lonsdale.

pAL154 is an Agrobacterium tumefaciens binary vector; a derivative of pSoup carrying the
Kumari fragment.

DESCRIPTION OF THE RESEARCH
The material will be used in the optimisation of Agrobacterium-mediated transformation

conditions for local wheat cultivars. Experiments will be conducted on mature & immature
embryos, immature inflorescence and callus explants.
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APPENDIX E

BACTERIAL CULTURE MEDIA

Yeast Extract Broth Medium (1L)

Nutrient broth 13.5¢g
Yeast extract lg
Sucrose 5¢g
MgS04.7H,O (2 mM) 0.485¢g

The pH of the medium was adjusted to 7.2.

YEB + MES Medium (1L)

Nutrient broth 13.0¢g
Yeast extract lg
Sucrose 5¢
MgS0,4.7H,0 0493 ¢
MES (10 mM) 2132 ¢

The pH of the medium was adjusted to 5.6. After autoclaving the medium at
121°C for 20 minutes, sterile acetosyringone was added to the medium (final

concentration is 20 pM).
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APPENDIX F

HISTOCHEMICAL GUS ASSAY SOLUTIONS

GUS Substrate Solution

NaPO, buffer, pH = 7.0 0.1 M
EDTA, pH=17.0 10 mM
Potassium ferricyanide, pH = 7.0 0.5 mM
Potassium ferrocyanide, pH = 7.0 0.5 mM
X-Gluc 1.0 mM
Triton X-100 0.1 %

GUS Fixative Solution

Formaldehyde 10 % (v/v)
Ethanol 20 % (v/v)
Acetic acid 5% (v/v)
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